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Review Arlz’dè

Seegravimetrie
U. Fleischer

Deutsches Hydrographisches Institut, Hamburg

Eingegangen am 12. Dezember 1973

Shipboard Gravity Measurements
Abstract. After a brief historical review a description of those instruments is

given which are in use for the measurements of gravity aboard surface ships.
Problems with different kinds of filtering and the effect of accelerations on gyro-
stabilized gravimeters are discussed, followed by a mathematical evaluation of
cross-coupling and off-leveling errors. In addition, methods ofinavigation and
reduction of sea gravity data are dealt with. At last, there is a generallreview of
activities in marine gravity work and an interpretation of gravity anomalies of
different North Atlantic structures, surveyed by German research vessels. ‘

Key words: Gravity: Gravity at Sea; Gravity Anomalies; Gravity Correlations
— Gravimetry: Cross-Coupling Effects —_ Geophysics: Marine Geophysical
Surveys — Measurement Methods: Gravity Measurements at Sea — Instruments:
Seagravimeters; Gyrostabilizations —— North Atlantic Surveys: Mid-Atlantic
Ridge: Iceland-Faeroe Ridge: Great Meteor Seamount: (,,Grosse Meteor-Bank“).

I. Einleitung

Der Nutzen weltweiter Schweremessungen und die daraus - entstehen-
den Forderungen, diese auch auf den Weltmeeren mit hoher Genauigkeit
auszuführen, ist hinreichend bekannt und soll daher hier nur angemerkt
werden. Die wichtigsten Ziele sind:

i) die Ermittlung der Erdfigur (Geoid) für alle geodätischen und astro-
nomischen Zwecke;

ii) die Kenntnis der Struktur von Kruste und Mantel unter den Ozeanen,
insbes. der untermeerischen Rücken und Kuppen, der Tiefseegräben
sowie der Übergangsgebiete zum Festland (Kontinentalabhang) ;

iii) die Frage nach der Isostasie dieser Gebiete;
iv) die Forschung nach Bodenschätzen, die sich bereits über die Flach—

meere (Schelfgebiete) hinaus erstreckt, sowie
V) die vollständige Erfassung festländischer Strukturen jenseits der Küste.
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2 U. Fleischer

Mit dem ständig wachsenden Interesse an der Erfassung der Schwere-
anomalien auf den Meeren läuft eine entsprechende instrumentelle Ent-
wicklung einher. Dabei werden die Forderungen nicht nur an die Genauig-
keit des Gravimeters und der Stabilisierung sondern auch an die Zuver-
lässigkeit und Wartungsfreundlichkeit der Anlage sowie der Datener-
fassung weiter erhöht. Zusammen mit den Neuerungen bei den Positions-
bestimmungen auf See kann heute die gewünschte Meßgenauigkeit von
rund ein Milligal unter günstigen äußeren Bedingungen, bzw. von etwa
drei Milligal unter ungünstigen Bedingungen erzielt werden.

Die Messungen lassen sich grundsätzlich ausführen von

a) Überwasserschiffen
b) U-Booten I‘
c) Schlepp- bzw. Schwimmkörpern
d) Tauchkörpern auf dem Meeresboden

Trotz der starken Krängungen und Beschleunigungen bieten die Mes—
sungen in Überwasserschiffen so viele Vorteile, daß diese Methode prak-
tisch ausnahmslos angewendet wird. Ausnahmen bilden nur sehr begrenzte
„olf-shore“-Gebiete, in denen für Prospektionszwecke noch das Seeboden-
gravimeter eingesetzt wird. Der Einsatz von U—Booten allein zu Schwere—
messungen ist inzwischen überholt, der von Schlepp— und Schwimm—
körpern dagegen noch nicht zur Konstruktionsreife gelangt. Bei hohem
Aufwand für die Horizontierung des Gravimeters und für Stromversorgung,
Funktionskontrollen, Datenübertragung und Wartung ist ihr Nutzen recht
fraglich. _

Die Messungen auf Überwasserschiflen sind nicht nur bequemer bei
zugleich größerem Arbeitsfortschritt, sie sind auch — von kleinen Meeres—
buchten und Untiefen abgesehen —/universell anwendbar, im ganzen also
rationeller als die anderen Meßmethoden. Ihre endgültige Überlegenheit
haben sie jedoch mit der Entwicklung. der modernen Verfahren zur Posi-
‚tionsbestimmung auf See erfahren, die z. B. vom U—Boot nur durch er-
höhten Aufwand (Satelliten— plus ' Trägheitsnavigation) V011 genutzt
werden können, sowie mit der Entwicklung von Präzisions-Kreisel—
stabilisierungen für den Dauereinsatz.

Als Schweremesser auf See sind eine Vielzahl von Meßprinzipien -—
zumeist aus entsprechenden Landgravimetern —— entwickelt worden. Im
Grundsatz lassen sich diese auf zwei Meßprinzipien, nämlich das dynamische
und das statische, zurückführen. Zur ersten Gruppe gehören die Pendel-
apparate‘,‘ aber auch die „Vibrating String Accelerometer“ (VSA), bei
denen ebenfalls schwereabhängige Schwingungszeiten gemessen werden.

Zur zweiten Gruppe dagegen sind alle wirklichen Gravimeter zu
zählen, d. h. sich statisch auf die Schwerkraft einstellende Meßsysteme, die
sich nur durch die Aufhängung und Ausbildung der Masse, die Art der
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Gegenkraft und die Methode zur Eliminierung kurzperiodischer Stör-
beschleunigungen unterscheiden.

Nach einem kurzen historischen Überblick wird hier nur auf die heute
gebräuchlichen Verfahren näher eingegangen. ‚Dabei wird sowohl das
Prinzip als auch die Durchführung der Messungen einschließlich der
erzielten Genauigkeit dargelegt, auf die Ausführung von technischen
Details und Rechenmethoden jedoch verzichtet. Nicht behandelt wird
ferner der Einsatz von Gravimetern in Tauchkörpern. Dagegen werden
auch die gebräuchlichen Ortungsverfahren auf See, die durchzuführenden
Reduktionen der ausgewerteten Schweredaten und einige Anwendungs—
beispiele diskutiert.

II. Hz'sz‘orz'sc/Jæ

Die ersten Schweremessungen auf dem Meere sind ab 1898 von Hecker
(1903, 1908 und 1910) unternommen worden. Er erhielt die Schwerkraft
auf dem Schiff aus der mittleren Höhe einer Quecksilbersäule, die durch
schmelzendes Eis sehr temperaturkonstant gehalten wurde, und ermittelte
den zur Korrektur benötigten Luftdruck aus dem Siedepunkt des Wassers.
Trotz der großen Ungenauigkeit seiner Meßmethode von j; 30 mGal und
ohne Berücksichtigung des Einflusses der Schiifsgeschwindigkeit auf die
Fliehkraft (v. Eötvös, 1919) konnte er doch die damals so umstrittene
Frage nach einer isostatischen Kompensation der Ozeane zugunsten der
Isostasie entscheiden.

Die zweite große Epoche der Schwerkraftmessungen auf den Meeren,
die bereits zu recht genauen und teilweise detaillierten Kenntnissen über
Schwereanomalien ausgewählter Seegebiete führte, ist ganz mit den Namen
Felix A. Vening Meinesz verbunden. Die Ergebnisse seiner Messungen
(Vening Meinesz,1929,1932,1934,1937,1941 und 1948; Collette, 1960)
sind zum größten Teil noch heute brauchbar. Allerdings ergaben Ver-
gleiche mit neuen Messungen (Loncarevic, 1965, Fleischer, 1968), daß die
angegebenen mittleren Fehler von i4,5 mGal keineswegs allgemein zu-
treffen. Dies folgt bereits aus der Tatsache, daß die damaligen Ortungs-
methoden sowie die Bestimmung der Driftgeschwindigkeit des getauchten
U-Bootes zu ungenau waren, um einen so kleinen Gesamtfehler zu garan—
tieren.

'

Die Periode der eigentlichen Seegravimetrie begann nach dem zweiten
Weltkrieg durch parallel laufende EntwiCklungen von La Coste und Rom-_
berg (La Coste,1952,1959 und 1960/61) und Graf—Askania (Graf, 1954,
1957 und 1959; Worzel, 1957 und 1959). Diesen statischen Gravimetern
gingen Entwicklungen von Noergaard (1933 und 1936) voraus, die in der
Sowjetunion separat“ weitergeführt wurden (Kuzivanov und Ye. I. Popov,
1961). Die La Coste- und Askania—Seegravimeter kamen in den sechziger
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Jahren zur Reife und in größeren Stückzahlen weltweit zum Einsatz. In
den letzten Jahren wurden neuartige Konstruktionen herausgebracht, wie
das Askania-Gss3 und das Bell Aerosystems Gravity Meter.

Parallel verlief die Entwicklung eines dynamischen Gravimeters nach
dem Vibrationsfaden-Prinzip (Gilbert, 1949) vor allem in Japan (Tsuboi,
Tomada und H. Kanamori, 1961; Segawa, 1970). Sie wurde vorüber-
gehend in der U. d. S. S. R. (Lozinskaja, 1959) und neuerdings in den U. S. A.
aufgegriffen (Bowin, Wing und Aldrich, 1967). Unterschiede bestehen im
wesentlichen in der Zahl der Vibrationsfäden.

III. Die Meßappammren

A. Die Gravimeter

Die zur Zeit gebräuchlichen Seegravimeter sind die folgenden:

. Die Askania Seegravimeter vom Typ G552 und Gss3.

. Das La Coste—Romberg Air—Sea Gravity Meter.

. Die Sowjetischen Quarzgravimeter der Typen „GAL“ und „SZ“.

. Die Gravimeter vom „Vibrating String type“.

. Das Bell Aerosystems Gravimeter vom „inertial quality accelerometer
type“.

Bei den statischen Schweremessern (Modelle 1, 2, 3 und 5) verwendet
man mechanische und/oder zusätzlich elektrisch erzeugte Kräfte zur Kom-
pensation des Gewichtes sowie eine optische oder elektrische Abtastung
der Auslenkung der Gravimetermasse. Für die Reduzierung der Aus—
schläge bei den großen, kurzperiodischen Seegangsbeschleunigungen ist
entweder eine magnetische, eine Luft— oder eine Flüssigkeits-Dämpfung
erforderlich, oder man muß für eine strenge Nachführung in die Nullage
sorgen. Alle diese Möglichkeiten sind in verschiedenen Kombinationen bei
den nachfolgend beschriebenen Instrumenten verwirklicht. Zum Ver—
ständnis der verschiedenartigen Auswirkung dieser Konstruktionsmerk—
male auf die erfaßten Schwerewerte (Meßintervall und —genauigkeit,
Amplituden- und Phasenverzerrung, cross—coupling EHekt) wird auch auf
die im Kapitel IV behandelten theoretischen Grundlagen verwiesen.

U'I-IÄQJNr-Ä

In Aufbau und Funktion besonders leicht überschaubar ist das

7a) As/èam'a Seegmw'mez‘er €532 flac/.2 Graf
(Graf, 1958, 1959 und 1967; Graf und'Schulze, 1964; Schulze, 1961 und
1962; Fritsch, 1962).

Es besteht im wesentlichen aus einem Waagebalken mit einer als
Torsionsfederpaar ausgebildeten horizontalen Achse zur Kompensation
der Erdschwere. Durch eine mit einer Meßspindel verbundene empfind-
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liche Schraubenfeder kann die jeweilige Schwerkraft genau kompensiert
werden. Abweichungen hiervon werden über Lichtstrahl und Blende von
einem Differential-Fotoelement abgetastet. Der abgegebene Strom wird
geglättet, verstärkt und registriert bzw. digitalisiert.

Die Dämpfung erfolgt in zwei Schritten: zunächst eine magnetische,
die mittels eines starken Magneten die Amplitude der Balkenbewegung
(bei etwa 8 Sekunden Periode) auf 1:200 reduziert (Tab. 1), dann eine
elektrische Dämpfungskette, die den in der Seegangsperiode modulierten
Gleichstrom auf insgesamt rund 10“5 glättet. Die Dämpfung ist frequenz-
abhängig derart, daß bei Perioden von 20 min eine Amplitudenreduktion
von ca. 20 %, bei 60 min jedoch nur von ca. 30/O auftritt, d.h. sie bleibt
unter 5 % für Anomalien mit Halbwertsbreiten über 7 km, ist also meist
unbedeutend. Dagegen muß die im Auswertebereich praktisch konstante
Zeitverzögerung von etwa 5 min bei allen Ablesungen

berücksichtigtwerden (3. u. a. Gantar, Morelli und Pisani,1962).
Als recht störend erwies sich bei der ursprünglichen Ausführung des

G332 der kleine direkte Meßbereich von 100—200 mGal, der oft mehrmals
täglich eine Verstellung des Meßspindel von Hand erforderlich machte.
In einer Weiterentwicklung des G332 wird daher das Meßsignal über einen
Proportional— und Integralverstärker auf einen Servomotor gegeben, der
den Waagebalken im Mittel ständig in der Nullage hält. Der Registrierwert
dieser Automatikstellung ist nun die Meßgröße. Diese Nachführautomatik
(Schulze, 1962) ermöglicht auch, Amplitudenreduktion und Zeitver—
zögerung in gewissen Grenzen zu variieren, insbesondere zu verkleinern.
Der Gang der Askania—Instrumente ist nach eigenen Beobachtungen
relativ klein, schwankend zwischen den Maxima 551,1 mGal/Tag (G332)
bzw. i0,7 mGal/Tag (G353). In seltenen Fällen traten auch sprungartige
Nullpunktsänderungen bis zu 20 mGal auf, die jedoch teilweise durch nicht
exakte Arretierung, Stöße und starke Temperaturänderungen erklärt
werden konnten und somit weitgehend vermeidbar sind.

Die von Landgravimetern herrührende Konstruktion der Massen—
aufhängung durch einen Waagebalken hat sich für den Einsatz im Be—
schleunigungsfeld eines Schiffes als nachteilig erwiesen, weil durch das
gleichzeitige Einwirken periodischer Horizontal— und Vertikalbeschleu-
nigungen bisweilen starke Abweichungen vom ungestörten Meßwert
auftreten. Dieser Cross-coupling („CC—Efifekt“, s. S. 21) läßt sich auf folgende
Weise angenähert eliminieren:

i) durch einen CC—Rechner (D. R. Bower, 1966; Talwani, Early and
Hayes, 1966);

ii) durch antiparallele Aufstellung zweier möglichst gleicher Instrumente
(Fleischer, 1968; Orlin, 1967; Haworth, 1971 a);
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iii) durch momentane Nachführung des Waagebalkens, so daß räuslen-
kungen praktisch vermieden werden;

iv) durch Neukonstruktion ohne Waagebalken.

Die unter iii) genannte Möglichkeit wurde von Graf bei einer Weiter-
entwicklung des G532 mit Erfolg erprobt. Sie hat den weiteren Vorteil,
daß hierbei die vollen, ungedämpften Beschleunigungswerte gewonnen
werden und diese nachträglich gefiltert werden können (s. S. 18)

Eine Neukonstruktion ohne \Vaagcbalkcn wurde von den Askaniav
Werken herausgebracht. Es ist das

H9) Hiermit: .Yægmw‘werer CH3

Wie man aus Abb. 2 ersieht, ist hier die als Rohr ausgebildete Gravi—
metermasse derart aufgehängt, daß sie nur den vertikalen der translatori—
sehen Freiheitsgrade besitzt. Auch hier wird die volle Erdbeschleunigung
durch eine Feder kompensiert, die in einem druckdichten, thermostatisch
geregelten Gehäuse nur sehr geringe Drift zeigt. Die Kompensation des
verbleibenden Temperatureffektes erfolgt über eine Brückensehaltung und
eine Kompensationsspule. Schwerebedingte Auslenkungen der Masse er-
zeugen über einen kapazitiven Umformer (Abb. 2, Nr. 3) Wechselspannun-
gen, die durch Phasenvergleich eine positive bzw. negative Gleich-
spannung U liefern. Diese der Massenbewegung proportionale Spannung
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Abb. 1. Prinzip des ASKANIAnSeegravimeters (3552 (Schulze: Askania-‘E’arre,
78, Nr. 57, S. 3, 1961)

1 Lampe 6 Torsionsfeder
2 Blende 7 VersPannungsfäden
5 Photoaellen ô’ \Vaagebalken
4 Magnet 9 Verstärker
5 Meßspindel 70 Schreiber
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Abb. 2. ASKANIA—Seegravimeter Gss3

I Kornpensationsfeder 6 Rectifier
2 Gravimetermasse 7 Kompensationsspule
3 Kapazitiver Aufnehmer 8 Integrator
4 Oscillator 9 Butterworth Filter
5 Amplifier 70 Aufzeichnung der Schwerewerte
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Abb. 3. Die ASKANIA—Seegravimeter G552 (links) und G353 (rechts), montiert
auf einer Kreiselplattform

wird über einen Proportionalverstärker auf die Spule 7 gegeben und be—
wirkt dort eine Rückstellkraft auf die Nullage hin. Hierdurch wird also die
Seegangsbeschleunigung stark reduziert. Die gleiche Spannung U wird
über einen Integralverstärker getrennten Windungen der Spule 7 sowie
zwei aktiven, insgesamt zehnfach verstärkenden Filtern (9) zugeführt,
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25

1

Records of 1: Gss 3, Prototype 3: Gss 2, No.
2: G55 3, Series 4: G55 2, No.

Abb. 4. Registrierbeispiel von vier gleichzeitig eingesetzten Secgrarimetern auf
ES. Meteor“ bei Seegang 531‘

deren Ausgangsstrom direkt der Schwereanderung proportional ist. [if
kann an einem IR'Ießwiderstand von einer beliebigen Datenerfassungsanlage
abgerufen werden.

Längere Meßreihen des Deutschen Hi'drographischen Instituts mit dem
Prototyp des G553, das simultan mit zwei antiparallel aufgestellten Gss2 1'131‘-
glichen wurde (Abb. 4) waren recht befriedigend. Der mittlere quadratische
Fehler an 27 lireuzungspunkten betrug bei überwiegend rauher See, sowohl
für das Gss2—Nlittel allein als auch die Gss3wW’erte unter sich, je xwischen 5 und
6 mGal. Hierin sind die Navigationsfehler enthalten. Dagegen weichen die
unter gleichen Bedingungen gemessenen W'erte des G553 vom GssZ-Tilittel
systematisch bis zu 2 mG-al ab, bei einer mittleren quadratischen Streuung
von nur 1,0 mGal. Noch günstiger liegen die Ergebnisse bei idealen Sec—
gangs— und Navigationsbedingungen. So kam die Firma Prakla GmbH bei
einer gitterartigen Ofiljljarc Vermessung mit nur einem GssZ und nach
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Abb. 5. LA COSTE—ROMBERG Sea Gravity Meter
L Lampe f) Spanndrähte
P Phntnkathncle 0,01 Luftdämpfer
B Waagebalken 5' MeBspindel

(La Cnste: Rev. Genphys. 5, 506, 1967)

einer Ausgleichsrechnung auf einen relativen mittleren Schnittpunlrts—
fehler von ca. 0,7 mGal (Ries, persönliche Mitteilung). Es dürfte also neben
den Offers/ingr— und Crerr-rorrp/äirg-Fehlern im wesentlichen der Einfluß
fehlerhafter Navigatiensdaten sein, der zur Zeit die Meßgenauigkeit auf
offener See auf etwa i 3 mGal beschränkt.

2. Die La C‘en‘e—wbrrg „‘lir—Xm vify Meier

(Dehlinger, 1964; Dehlinger und Yungul, 1962; Dehlinger und Chiburis,
1972; Harrison, 1959; Harrison und La Caste, 1968; Harrison und Spicss,
1963; La Ceste, 1952, 1959, 1960/61 und 1967).

Sie sind ebenfalls statische Schwercmesser nach dem Federwaagen-
(hier speziell dem Seismomcter-) Prinzip, und zwar astasierte Systeme mit
extrem starker Dämpfung, Während die Grarimeter bis zur Nummer 5—19
für die freie Aufhängung; im Isiardan eine weiche Verspannung der die
Drehachse bildenden Federn b (Abb. 5) besaßen, mußte diese ab 8—20 für
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den Einsatz auf einer Kreiselstabilisierung derart versteift werden, daß
nur der vertikale Freiheitsgrad verblieb. Zusammen mit der starken Luft-
dämpfung konnte der nun auftretende Crosy-coup/z'ng-Eifekt sehr klein und
exakt berechenbar gehalten werden. Auch die Abtastung der Waage—
balkenlage über Lichtstrahl und Fotoelement sowie die Rückführung der
Seegangs-Mittellage in die Nullposition erfolgt ähnlich wie bei der neueren
Ausführung des GssZ mit Nachführautomatik (Schulze, 1962). Allerdings
werden hier zwei Lichtstrahlen und nur ein Fotoelement verwendet
(Abb. 5), worauf La Coste (1967) u.a. den extrem kleinen Gang seiner
Gravimeter zurückführt. Der wesentliche Unterschied zum Askania—
Gravimeter besteht jedoch darin, daß die Astasierung des Meßsystems
(siehe Graf, 1967, pp. 116, 170 und 211 H.) soweit getrieben wird, daß sich
der Balken nahezu im indifferenten Gleichgewicht befindet. In diesem
Falle ist nicht mehr der Balkenausschlag sondern seine Geschwindigkeit
ein Maß für die! Schwere. Man kann also aus der Steigung der Registrier—
kurve den Schwerewert ermitteln. Sorgt man durch geeignete Einstellung
der Meßspindel dafür, daß sich der Ausschlag um die Nullage herum be-
wegt, die mittlere Neigung der Balkenregistrierung also Null ist, so ist die
mittlere Spindelstellung zwischen zwei Nulldurchgängen der gesuchte
Schwerewert für dieses Zeitintervall. Die Erfassung und Umrechnung der
Ablesewerte geschieht über einen zum La Coste—Romberg-Gravimeter
gehörenden Rechner, der auch gleichzeitig den „CC-Eifekt“ berechnet.
Die hierzu benötigten Horizontalbeschleunigungen werden den Be-
schleunigungsmessern für die Horizontierung entnommen.

Zwischen Graf—Askania und La Coste—Romberg Seegravimetern sind
verschiedentlich vergleichende Genauigkeitstests vorgenommen worden
(u.a. Allan, Dehlinger,Gantar et a/., 1962; Thompson, 1965; Loncarevic,
1965; Bower und Loncarevic, 1967). Für Messungen vor 1965 konnte das
La Coste—Gravimeter im Kardan nur bis zu Vertikalbeschleunigungen z
von i50 Gal messen und erzielte dabei eine Standardabweichung um
4,0 mGal, das Askania-Gravimeter dagegen bis 2(max) = i100 Gal von
2,7 mGal. Der innere Fehler wird dabei für beide Instrumente mit etwa
0,5 mGal angegeben. Vergleiche zwischen stabilisiertem La Coste-Gravi-
meter und Unterwasser-Schwerpunkten (La Fehr und Nettleton, 1967)
ergaben einen wahrscheinlichen Fehler von höchstens 1 mGal. Im prakti—
schen Einsatz kommen hier noch die Meßfehler durch ungünstigere Navi—
gationsbedingungen, Seegangseifekte und Gangverhalten hinzu.

3. Die Jazz/jetz'M/ye/z Quarzgmw’meter 220772 Typ GAL und 5Z

(Kuzivanov und Popov, 1961; Veselov, Yevdokimov, Zhilin und Telepin,
1961; Popov, 1962) stellen eine Weiterentwicklung des Noergaard-Gravi—
meters dar (Noergaard, 1933 und 1936; s.a. Graf, 1967, pp. 118 und 167).
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Abb. 6. Schema des NOERGAARD—Gravimeters
T Quarzfaden M1 Gehängespiegel M3 Festspicge]

Dieses ganz aus Quarz bestehende, nichtastasierte Torsionsfaden-
pendel mit horizontaler Achse wurde schon von Noergaard in den dreißiger
_jahren für Messungen im U—Boot modifiziert. Vom VNII Geofiziki
(All-Union Scientific Research Institute of Geophysics) wurde dieses zum
SZ—Gravimeter durehkonstruicrt, während das Institut für die Physik der
l'irde der Akademie der Wissenschaften der UdSSR das GALuGravimeter
herausbrachte, das sich vom „SZ“ im wesentlichen nur dadurch unter-
scheidet, daß es aus zwei Quarzsystemen mit entgegengesetzt tordierten
Fäden in einem Gehäuse besteht (vgl. Abb. 6). Die Dämpfung erfolgt in
einer alkoholischen Flüssigkeit, die zugleich zur Konstanthaltung der
Temperatur dient. Bei einer Zeitkonstanten von 30 (15) min kann jedoch
nur eine Reduktion der Störbeschleunigungen auf 1:600 (300) bei 3 sec
bzw. 1:240 (120) bei 7' sec Periode erreicht werden (Vcselov r! aß, 1961).
Dies entspricht genau der magnetischen Dämpfung beim Askania—Grari-
meter GssZ. Die Aufzeichnung der Pendelbewegung erfolgt nun jedoch
direkt fotografisch, so daß bei äußeren Vertikalbeschleunigungen von
6 Gal die Registrierung in den kurzen Perioden Amplituden von 10——50
mGal aufweist. Schiiiisbeschleunigungen unter 10 Gal bedeuten aber so
extrem ruhige Seegangsverhältnisse, daß diese nur auf großen Schitfen
über brauchbare Zeiten auftreten. Neben dem l’iinsatz großer Schili'e
wurden von den Sowjets immer mehrere Gravimeter gleichzeitig heu
trieben, um eine relativ kleine Streuung durch Mittelbildung zu erhalten.
Der Einsatz der Grarimeter erfolgte (1961) in kardaniseher, flüssigkeits—
gedämpfter (l) :‘Xufhängung. Es wurden B-Ießgenauigkeiten von :i 4 mGal
erzielt, bei Vertikalbeschleunigungen um 75 Gal von z 8 mGal. Der Gang
wird für das GAL-Gravimeter mit konstant 2 mGalfTag angegeben.

4. Das Orme/Mm“ ‚war/.1: der): Ir'z'lirm‘igg .ffrfgg Prinzip

sind dynamische Gravimeter, die auf eine Erfindung von Gilbert (1949)
zurückgehen. Hierbei wird die Abhängigkeit einer gespannten Saite der
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Länge L von der Zugspannung K genutzt, indem letztere durch ein Ge—
wicht erzeugt und damit schwereabhängig gemacht wird. Es ist

1 1
“S'—

q = Querschnitt= ——— K = ——- [ll
f0 2L Mg 2L V 3/40 Q = Dichte der Saite

d. h. die Frequenz der Saitenschwingung ist der Wurzel aus der Schwer-
kraft proportional. Kommen zu g die periodischen Vertikalbeschleuni—
gungen <1 zälcos cut, so wird

__1’M<g+'z')%—_ z—à—z 1ä_1ääf’öd) 400%) f“(”52 "à; +"")
Bei einer Mittelbildung f verschwinden zwar theoretisch die Glieder mit
ungeraden Potenzen, doch sind bei dem breiten Frequenzspektrum und den
teilweise großen Amplituden der Seegangsbeschleunigungen (äl/gæOJ)
Zeitintervalle von vielen Stunden erforderlich, um eine Genauigkeit von
10‘6 zu erzielen (Talwani, 1970).

Bei der Filterung mit Gewichtsfunktionen treten gegenüber anderen
Gravimetern große Schwierigkeiten auf wegen des quadratischen Terms

f=f°(1+‘11—6(ÎÎ)2 + ..‚)
der bei {3'1 = 130 Gal den Wert 10—3 hat, also 1000 mGal Fehler bedeutet.
Man muß diesen nichtlinearen Gleichrichtereflekt also entweder bestimmen
(Lozinskaja, 1959), durch Filteroperationen stark reduzieren (Tomoda,
Maruyame, und Kanamori, 1960), oder instrumentell beseitigen (Bock und
Wing, 1967).

4a) Das Tokyo Surface 5192]) Gravimez‘er ( T. 5. S. G.) (Tomoda und
Kanamori, 1962; Tomoda, Ozawa und Segawa, 1968; Segawa, 1968 und
1970) ist ein Einsaiten—Vibrations—Gravimeter‚ das durch eine Eigenfre-
quenz von etwa 1800 Hz charakterisiert ist. Diese Frequenz wird zum Ver—
gleich mit einer Standardfrequenz und anschließender Digitalisierung zu—
nächst verzehnfacht, damit ein Digit nicht mehr als 5 mGal Fehler ent—
spricht.

Das nur wenige hundert Gramm schwere Instrument wird direkt auf
einen Horizontalkreisel montiert. Pendelschwingungen der Masse werden
durch seitliche Verspannungen unterdrückt. Offleveling—Fehler werden
vernachlässigt. Die vertikalen Beschleunigungen werden durch einen
digitalen Tiefpaß (gewichtete Mittelbildung) herausgefiltert. Fünf—Sekun-
den—Perioden können auf 1 : 150 000 unterdrückt und somit Ablesegenauig—
keiten von wenigen Milligal erzielt werden. Bei Seemessungen wurde eine
Standardabweichung von 6 mGal beobachtet.
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Abb. 'F. Tokyo Surface Ship Gravimeter 60. (Tumada N“ (:1, Bull. Ocean. Res.
Inst. Univ. Tokyo 3, 17, 1968)
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Abb. 8. Prinzip des BOSCH ARMAHVibratinnsgravimeters. (Bock u. ‘èÇ-"ing:
First Marine Geod. Syrup. 1966, Sees. IV, p. 197, 196?)
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Abb. 9. BlockuDiagramm des BELL Aerosysrems Gravity Measuring System.
(Henderson, unveröffentl.)

4!)) Der Beim-Arme l/iimn‘irig String z-lc‘ceferamw‘er ( V551) (Wing,
1969; Bowin, Aldrich und Folinsbee, 1972) wurde seit etwa 1965 im
Massachusetts Institute of Technology (MIT) entwickelt. Es benutzt zwei
fast identische Saiten in der auf Abb. 8 gezeigten Anordnung. Schweren
anderungen wirken also auf die Frequenzenfl und im umgekehrten Sinne.
Ihre Diti‘erenz, deren Grundschwingung bei 7 Hz liegt, gibt den Meßwert.
Von der Reihenentwieklung nachg fallen nun die Glieder mit geradzahliger
Ordnung praktisch heraus, d. h. der nichtlineare Gleichrichtungsefi'ekt ist
beseitigt («ail mGal). Zugleich muli aber das lineare Glied noch so groß
gehalten werden, daß eine genügende Empfindlichkeitfflg) verbleibt. Sie
wird mit 128 H's/g angegeben (C. G. Wing, 1969). Iiine Frequenamultipli-
kation um den Faktor 1,5-103 ist erforderlich. Man erhält ferner eine
reduzierte und gut lineare Drift bei 0,2 mGal/Tag. Im See—Einsatz ergab
ein Vergleich mit einem La (Ioste—Romberg~Gravimeter Abweichungen
um 10 mGal. Die mittlere Abweichung an 7 Kreuzungspunkren für das
VSA alleine war dagegen nur 1,6 mGal mit einer mittleren Streuung von
0,8 mGal.

5. Das Be” siererwz‘wxr G'mr.-'if_-i.-' 11-15715!!!n .Slwrm

(Anoni'mous, 1967a; Orlin, 1967; Henderson, unveröflentl.) stellt das
jüngste Glied in der Reihe mariner Schweremesser dar, die daneben auch
estraterrestrisch einsetzbar sind. Diese Instrumente sind Präzisions—
Beschleunigungsmesser, die für Raketen entwickelt wurden. Ihre Eig-
nung als Gravimeter ergibt sich durch die Auswahl nach minimalem Gang-
verhalten. Hierbei lälit sich 1,0 mGal/h-‘Ionat (voraussagbar) erreichen.

Der einachsige Trägheitsgrad-Beschleunigungsmesser besitzt eine
Nullrückführung, über die die Schwerebeschleunigung g mittels eines
kapazitiven Aufnehmers, einer proportionalen Rückführspule und eines In”
tegralverstärkers gemessen wird (Abb. 9). Die Funktion ist also identisch
mit der des Gss 3 (S. 6). lis wird hier jedoch dem 30 sec—Analogtilter ein digi—
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tales Filter mit einer Glättungszeit von 5 min nachgeschaltet. Der Mittelwert
wird minütlich ausgegeben. Seegangsbeschleunigungen bis zu 15 sec
Periode werden insgesamt 1 :10—5 abgeschwächt. See-Erprobungen wurden
u.a. von Gantar und Morelli (1969) durchgeführt. Auf einer Eichstrecke
wurde ein mittlerer quadratischer Fehler von 0,6 mGal bei Seegang 2 und
von 1,8 mGal bei Seegang 4 ermittelt. Nach Abzug der Navigationsein-
flüsse wird bis Seegang 5 eine Instrumentengenauigkeit von 0,5 mGal
angenommen (Henderson, unveröflentl.)

B. Die Stabilisierungsanlagen

Die Messung des Betrages der Schwerebeschleunigung erfordert die
exakte Justierung des Meßinstrumentes in den Vertikal. Diese ist auf See
nur angenähert mit Hilfe eines Kreisels zu erreichen, der ein Pendel ge-
nügend langer Schwingungszeit darstellt. Verwendbar sind sowohl Kreisel
mit horizontaler Achse als auch solche mit vertikaler Achse (Horizont-
kreisel), die eine laufende Stützung in den Horizont bzw. in den Vertikal
erfahren, sowie zusätzlich eine Stützung entgegen dem Drehmoment der
Erdrotation.

7. Der Anm/712m—Horizontal/kreise!

Ein Horizontalkreisel, wie er von der Firma Anschütz 8c Co verwendet
wird, erfährt die Stützung seiner Drehachse in den Vertikal entweder durch
einen Flüssigkeitsspiegel („Ölkreisel“) oder durch Horizontal—Beschleuni-
gungsmesser (elektrisch gestützter Kreisel) (Schlichting, 1970).

7a) Flässzg/èeitsgestätzz‘e Kreisel hatten sich in den Anfängen der See—
gravimetrie durchaus bewährt. Sie lieferten den wahren Horizont bis zu
Seegang 4, was auf Vermessungsschiffen mittlerer Größe etwa Vertikal—
beschleunigungen von 80 Gal und Horizontalbeschleunigungen von rund
40 Gal bedeutet, mit einer Genauigkeit von 2 Bogenminuten. Bei stär—
keren Beschleunigungen jedoch verhält sich der Ölspiegel nicht mehr
ideal, und die Auslenkungen nehmen rasch größere Werte an (Abb. 10a).

7b) Die e/e/étrz'sc/y gestz‘iz‘zz‘en Horizontal/erase! ermöglichen dagegen eine
beliebige Einstellung der Stützcharakteristik. Die Signale hierfür kommen
von den beiden Horizontal-Beschleunigungsmessern, die auf je einer
Kardanachse der Kreiselgehäuse-Aufhängung montiert sind.

Der Abschwächungsfaktor f, um den die Schwankungen des Schein-
lotes reduziert vom Kreisel ausgeführt werden, beträgt für den Ölkreisel
bei 0,1 Hz etwa 0,05, also nur 1:20. Bei dem elektrisch gestützten Hori-
zontkreisel der Firma Anschütz lassen sich verschiedene Stützungen und
Zeitkonstanten wählen. Eine Stellung „Schnellstützung“ zeigt etwa die
gleiche Charakteristik wie die Flüssigkeitsstützung (Abb. 10b). Sie wird
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Scheinlotschwankung

(Fleischer: Aakania-W’arte 25, Nr. 71 S. 2, 1968)



|00027||

Seegravimetrie 1 7

zum schnellen Einlauf benutzt und schaltet sich nach Kurvenfahrten auto—
matisch ein. Für den Dauerbetrieb ist die Normalstützung vorgesehen, bei
der sich Zeitkonstanten T]; zwischen 6 und 30 Sekunden für die Kreisel-
stützung wählen lassen. Erstere ist bei ruhiger See, letztere bei rauher See
vorzuziehen. Die mögliche Reduktion der Scheinlotschwankungen über-
streicht einen Bereich von 1:200 (203 Seegangsperiode, In; ::63) bis
f= 1 : 17000 (53 Periode, TIC :305). Im Mittel (0,1 Hz, T]; = 183) beträgt sie
etwa 1:2500. Bei i10° Scheinlotschwankung führt demnach der Kreisel
nur noch eine Achsenschwankung von 600’ -4-10—4=0,25’=15” aus.
Dadurch läßt sich der Kreisel-Ofllez/elz'ng—Fehler (S. 22) auf unter 1 mGal
herabdrücken.

2. Der Amabz’iz‘z-Krez’relz‘z’rc/y (Karnick, 1964; Hayes, Worzel und Karnick
1963)

Soll ein Objekt stabilisiert werden, das mehr als einige hundert Gramm
wiegt, so ist eine Stabilisierungsanlage erforderlich, die z. B. von einem
Horizontalkreisel gesteuert wird. Die Seegravimeter—Plattform der Firma
Anschütz ist für die Stabilisierung des G332 ausgelegt, d. h. für ein Gewicht
von etwa 45 kg —— sofern es gut ausgewuchtet werden kann. Die Anlage
vermag auch zusätzlich ein G333 aufzunehmen (Abb. 3). Sie besteht aus
einem Ständerfuß (Gewicht mit Kreisel 170 kg), der über zwei Kardan-
achsen die Plattform trägt. Direkt an der Plattform, u.zw. unterhalb, als
Gegengewicht zum stabilisierten Objekt, ist der Kreisel befestigt. Ab-
weichungen des Kreiselgehäuses von der Kreiselachse werden in elektrische
Signale umgeformt, die über Servomotore die Plattform nachsteuern.
Es handelt sich also immer um kleine Nachführwinkel. Entsprechend sind
auch die Nachführfehler klein, nämlich konstant etwa 2’ bei wechselndem
Vorzeichen. Hieraus resultiert der auf Seite 22 dargelegte Regel-Ofllevelz'ng—
Fehler, der bei rauher See rund 1 mGal erreicht. Eine Verbesserung kann
hier die geplante Neukonstruktion der Stabilisierungsanlage bringen, die
bei verkleinerter Ausführung genauere Nachsteuerung leisten soll.

3. Die Aeroflex Sea Gravimez‘er Platform
Von der Firma AerofleX Laboratories Inc., Plainview, N. Y., wird eine

Kreiselstabilisierung angeboten, die speziell für das G333 ausgelegt ist.
Sie unterscheidet sich von der Anschütz—Anlage einmal durch ihr kleineres
Gewicht (ca. 25 kg plus 17 kg Elektronik), zum anderen durch die Kreisel.
Die Firma AerofleX verwendet je einen elektrisch gestützten Kreisel mit
horizontaler Drehachse für die Roll- und die Stampfachse, ausgelegt für
100 Gal Horizontal— und 200 Gal Vertikalbeschleunigungen. Bei Scheinlot-
schwankungen bis :{:10o im Frequenzbereich von 0,25 bis 0,005 Hz wird
ein Stabilisierungsfehler von j; 1’ angegeben. Er liegt also in der gleichen
Größenordnung wie bei dem Kreiseltisch der Firma Anschütz.
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IV. Tbeorez‘z'scbe Grundlagen

A. Eliminierung der vertikalen Störbeschleunigungen

Auf See treten starke Störbeschleunigungen auf, die von Größe und
Bauart des Schiffes sowie seinem Kurs gegen die See und der Ausbildung
des Seeganges abhängen. Hierbei überwiegt die Vertikalkomponente bei
weitem. Grobe Werte für ein Schiff mittlerer Größe (1000 bis 3000 Tonnen)
sind i50 000 mGal bei Windsee 2—-3 (ca. 1 m Wellenhöhe) und 31:200000
mGal bei Windsee 6——7 (ca. 5 m Wellenhöhe). Diese gegenüber der ge—
wünschten Meßgenauigkeit um den Faktor 105 größeren Beschleunigungen
können auf Grund ihrer kurzen Perioden, die normalerweise 5 bis 10, in
Extremfällen bis zu 15 Sekunden betragen, aus den langperiodisch wir—
kenden (örtlichen) Gradienten der Erdschwere herausgefiltert werden.

Bei den meisten Seegravimetern benutzt man hierzu reale Tiefpaßfilter,
wobei die angewendete Dämpfung den Hub des Meßsystems stark redu—
ziert. Bei vorhandenem Waagebalken wird dadurch zugleich der Angriffs—
winkel für die Horizontalbeschleunigungen, also der „(IG-Effekt“ (s. S. 21)
in Grenzen gehalten. Bei den modernsten Instrumenten (Seiten 6 und 11 ff.)
wird aber auch die nachträgliche, digitale Filterung der Originalbeschleuni—
gungen über symmetrische Operatoren angewendet. Hierdurch werden
Phasenverschiebungen vermieden, wie sie bei dem nichtlinearen Phasen-
gang realer Filter auftreten (S. 5). Um bei der extremen Streuung der
auftretenden Beschleunigungen um den Meßwert eine exakte Mittelbildung
durch Dämpfungsglieder zu erhalten, ist ein streng lineares Meßsystem
erforderlich. Seine Konstruktion konnte, nach erheblichen Anfangs-
schwierigkeiten (Graf, 1958; La Coste, 1967) technisch gelöst werden.
Die Reduktion der Waagebalkenbewegung durch die Glieder der Dämp-
fungskette und ihre Wirkung auf die Meßdaten beim Askania—Gravimeter
GssZ ist für zwei der herrschenden Seegangsperioden in Tabelle 1 unter
Zeile 2 angegeben.

B. Einfluß der Horizontalbeschleunigungen

Der Einfluß der rein rotatorischen Bewegungen des Schiffes auf die
Schweremessungen läßt sich theoretisch ausschalten durch Aufstellen des
Gravimeters im Schnittpunkt der Roll— und Stampfachse, der jedoch nicht
exakt raumfest im Schiff liegt. Da durch den Seegang aber zusätzlich ho—
rizontale Verschiebungen des Schwerpunktes erfolgen, wirken auch auf ein
dort aufgestelltes Meßgerät Horizontalbeschleunigungen, die die Schwere-
anzeige verfälschen. Dies geschieht entweder durch Kräfte, die direkt auf
das gesamte, freischwingende Gravimeter übertragen werden, oder durch
Kräfte auf das Meßsystem relativ zum zwangshorizontierten Instrument.
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7. Second Order („Browne“—) Effekt
Die horizontale Beschleunigungskomponente [9:111 cos (wt+ X) regt

das kardanisch aufgehängte Gravimeter zu Schwingungen an, wobei eine
ständig nach unten gerichtete Fliehkraftkomponente auftritt. Im zeitlichen
Mittel ergibt sich nach Gleichung (4) mit a1 22/91/g, dem Scheinlotwinkel,
für den Schwereeffekt

Am = bi/4g <1)
Dieser von Browne (1937) aufgezeigte Effekt erreicht mit zunehmendem

Seegang schnell große Werte, bei b1 =30 000 mGal bereits Ag=225 mGal.
Eine auf Prozente genaue Berechnung ist nicht möglich, weil das Gerät
nicht die idealisiert angenommenen Schwingungen ausführt. Außerdem
läßt sich der benötigte Referenzhorizont über ein langperiodisches Pendel
nur näherungsweise ermitteln.

Diese Methode wurde von La Coste und Romberg bis zum Jahre 1966
angewendet, dann aber zu Gunsten der Kreiselstabilisierung aufgegeben, da
keine befriedigende Genauigkeit bei stärkerem Seegang zu erzielen war.
Für das Graf—Askania Seegravimeter war die Kreiselstabilisierung von
Anfang (1958) an in Gebrauch. Hierbei treten Zwangshorizontierungs—
fehler auf (La Coste und Harrison, 1961; Wall, Talwani und Worzel, 1966).

2. Kreuzkoppluflg zwischen borz’zonz‘alen und vertikalen Kräften

Unter dem Vektorfeld der Beschleunigungen
5è = fiélcos(wz‘+x)
j? =-: jlcos(wt+x)
‚ä = älcoswz‘

} b = blcos(wz‘+x) (2)

bewege sich der Gravimeter—Waagebalken gegenüber dem wahren Hori-
zont mit

oc = oco + oclcos(wt+ip).

Dann ist die resultierende Beschleunigung der Gravimetermasse

b“) = (g—l—ä) cosoc + b - sin oc, und für kleine oc (3)
2

=g(1—î‘2_) + sa + 170c

Im zeitlichen Mittel ist ä": 0, SE = a3 + à af
und Er—‘ä— [71061C03 (2(— W)

b «(2) ocÎ 1
(t) = g “ 8(7‘1‘7) ‘l‘ Eblo‘lcosÜC‘W' (4)
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ä—gocä ist der (statische) Neigungsfehler, der bei oco=5’ etwa 1 mGal be—
trägt.

211-8“? ist der Browne-Effekt, da 0:1 :11. (siehe G1, 1),
g

2a) Crosy-coupling Eflekz‘. Der Term élu a1 cos (x — 1p) (5)

wird einmal wirksam, wenn — ideale Horizontierung angenommen ———
der gegen den wahren Horizont gerechnete Winkel am durch die Dreh—
bewegung des Waagebalkens selbst hervorgerufen wird. Letztere entsteht
durch die Vertikalbeschleunigung ä und ist für das GssZ gegeben durch die
empirische Beziehung

0:1 æ 10*5ä1[Gal“1] (Fritsch, 1962).

Man erhält demnach

Ages = k 'ÿlälcos (x—w) mit ,é æ 5 - 10—4 für Gss2 (6)

Dieser Crory—cozzplz'ng („CC“—) Effekt verändert demnach seinen Betrag
mit der Phasenverschiebung zwischen den horizontalen Beschleunigungen
und der Balkenbewegung. Da diese nicht konstant bleibt, tritt eine gewellte
Registrierkurve mit einem Maximum bei cos (x— 1p) =1 auf. Es genügt
daher nicht, nur eine mittlere Korrektur für Zeitintervalle mit gleichen
Bedingungen zu ermitteln.

Beispiel: 561 2100 Gal (+051 210—3), 5&1 =30 Gal

=5 —10‘4 - 100-30 Gal=15-10"3 Gal =15 mGalgcc(max)

2b) Die Ofl/evelz'flg Febler. Auch der Kreiseltisch führt über die Beschleuni-
gungen gekoppelte periodische Auslenkungen 7) gegen den wahren Hori—
zont aus. Der Term (5) führt selbst dann zu Fehlmessungen, wenn gar
keine Balkenauslenkungen innerhalb des Gravimeters vorhanden sind ——
also auch, wenn das Meßsystem nicht als Waagebalken ausgebildet ist.
Die Horizontalbeschleunigungen greifen nun über den Winkel 7;, der dem
Winkel «1 in Gleichung (5) entspricht, an.

Entsprechend den verschiedenen Ursachen des Kreiseltischverhaltens
müssen zwei Offleveling-Fehler unterschieden werden:
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i) Der Regelfehler—Ofllevelz’ng resultiert aus dem Einstellfehler 771
der Plattform gegenüber dem Kreisel, also dem Nachlauf der Servo-
regelung mit der Phase e. Er beträgt folglich

‚_xAgR—Off =
ïmblcoss

(5a)

Für den Kreiseltisch der Firma Anschütz ist der Nachführfehler 271
praktisch konstant 2’, gegen eine Mittellage also i1’=3 ~10—4. Ferner
ist e etwa 85°, d. h. cose æ 0,1, demnach mit b1 =30 Gal

3AgR_0„ = E10—40104 = 1,5.10-5-30[Gal] æ 0,5 mGal

Dieser Fehler kann also praktisch vernachlässigt werden.
ii) Der Kreiselfehler—Ofllevelz'ng entsteht durch periodische Abwei-

chungen der Kreiselachse vom wahren Lot. Der Kreisel unterliegt den
Scheinlotschwankungen ly/g und führt diese stark abgeschwächt selbst
durch. Der Abschwächungsfaktor f (vgl. S. 15) beträgt für den Ölkreisel
0,05 ; beim Elektrokreisel ist er zwischen 0,01 und 0,0001 variabel (Abb. 10)
in Abhängigkeit von der eingestellten Zeitkonstante und der Seegangs-
periode. Aus Gleichung (5) erhält man mit a1 =f-b1/g als Kreiselfehler—
Oflleve/z'ng

AgK—ommax) = f ' I7 12/28

Beispiel: b1 = 30 Gal, bi = 900 Ga12, 2g æ 2.103 Gal (5b)
a) f = 0,05 AgK_0fl —..—. 22,5 -10—3 Gal = 22,5 mGal
b) f = 0,0005 = 2,3-10—4 Gal = 0,2 mGal

Man ersieht hieraus den großen Vorteil des elektrischen Kreisels bei
Normalstützung (b) gegenüber der Öl- bzw. Schnellstützung (a).

Die genannten Effekte, im wesentlichen also der „CC—Effekt“, zeigen
eine charakteristische Abhängigkeit vom Kurs des Schiffes relativ zum
Seegang. Der theoretische Einfluß des Seegangs auf die Beschleunigungen
im Schiff und der daraus resultierende Crosy—coupling wurden von Fritsch
(1962) und Bower (1966) untersucht. Die Rechnung liefert recht gute
Übereinstimmung mit den Ergebnissen praktischer Untersuchungen auf
See von verschiedenen Autoren (Zusammenstellung bei Fleischer, 1968;
ferner Haworth, 1971 b). Man erhält ein ausgeprägtes Maximum bei Kurs
gegen die See (negativ wenn Waagearm nach vorn zeigt) und ein flaches
(positives) Maximum bei achterlicher See.
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C. Korrektionen wegen Erdrotation und Erdgestalt i

7. Der Eätväy-Eflekz‘

Da die Messungen auf der mit 90:7,29 -10‘5S"1 rotierenden Erde
ausgeführt werden, geht die Bewegung des Meßinstrumentes stark in den
Meßwert ein. Wie V. Eötvös (1919) bereits etwa 1907 aufzeigte, ändert sich
die Radialkomponente der Zentrifugalbeschleunigung in der Breite (p von

2
go =Lcos<p = QOZRcoszgp, r coscp

r
durch die Geschwindigkeit v (Ostkomponente WE) eines Fahrzeugs zu

__ (u + v)2
r

_—

2 2u q I)cosqo = —— coscp + 2—— cosço + —-— cosqpr r r
2

go + ZQovEcoszp +3?

Das letzte Glied hierin wird erst bei Flugzeuggeschwindigkeiten meßbar
und ist schließlich bei Satelliten allein ausschlaggebend. Das zweite Glied

AgEöt = — Zÿocosçov - sina = —14,58cosgo-vE[77z/:]

= ——7,50cos<p-vE[mz//J] = ——7,50C08(p2'AÂ['//9]

stellt die Vertikalkomponente der Coriolisbeschleunigung dar, die in der
Geophysik Eötvös—Efiekt genannt wird.

Dieser beträgt bei 10 Knoten (18,5 km/h) Fahrtgeschwindigkeit nach
Osten — 75 mGal am Äquator, -— 50 mGal bei 48° und — 30 mGal bei
66,3O geographischer Breite. Da man bei jedem Kurswechsel einen Versatz
in der Schwereregistrierung erhält, der theoretisch bis zur nächsten Fahrt-
änderung konstant bleibt, werden die Gravimeterprofile so angelegt, daß
möglichst langzeitig Kurs und Geschwindigkeit des Schiffes beibehalten
werden.

Die Eötvös—Korrektion wird aus der Ost-West—Komponente der
Schiffsgeschwindigkeit gewonnen. Für die Berechnung ihres absoluten
Wertes benötigt man eine genaue

2. Ortsbm‘z'mmung auf See

Das Problem ist die Ermittlung der wahren Schifisgeschwindigkeit
über Grund. Nur in flachem Wasser kann man diese direkt aus Doppler-
Sonar—Messungen gewinnen. Da alle Schiflslogge relativ zum bewegten
Wasser messen, sind sie in diesem Zusammenhang nur bedingt brauchbar.
Man benötigt Vielmehr gute Ortsbestimmungen, um aus ihnen über die
OrtsdiHerenzen die Eötvöskorrektion zu erhalten.
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Um die Fehler in der gewünschten Größenordnung von 1 mGal zu
halten, müssen — je nach Lage des Meßgebietes — Hyperbel—Funknaviga—
tions-Verfahren wie DECCA und LORAN eingesetzt werden. In neuester
Zeit hat sich die Satelliten—Navigation durchgesetzt, für die weltweit ge-
nügend häufige Empfangsmöglichkeit besteht. Die Genauigkeit des Ver—
fahrens ist mit besser als 100 m sehr hoch, doch muß die anderweitig ge—
wonnene Schiffsgeschwindigkeit vorher eingegeben werden. Ein Knoten
Fahrtfehler verursacht 0,2 sm Ortungsfehler (Talwani, 1970), doch kann
man diesen Wert iterativ verbessern. Zur Interpolation zwischen Satelliten-
fixen sind Relativ—Logge brauchbar. Ideal ist hierfür zusätzlich Inertial—
navigation.

3. Breiz‘enkorre/ètion

Das Normalfeld der Erde ist nach der internationalen Schwereformel
von 1930 gegeben zu (abgerundet) Vow) =980.632,272—— 2.586,157 cos Zqo
+2,885 cos 4<p[mGal]. Hieraus folgt als maximale Schwereänderung für
A<p=1’ der Wert 1,50 mGal in 45° Breite und eine Abnahme auf Null
für Äquator und Pole. Bei einer Seemeile Ortungsfehler entstehen hieraus
in unseren Breiten Meßfehler bis zu 1 mGal. Diesem Breiteneffekt über-
lagern sich die lokalen Schwereanomalien und bewirken gegebenenfalls
größere Gesamtfehler.

In praxi wird nicht der Gradient des Normalfeldes verwendet, sondern
72mg?) vom Computer für jeden Meßpunkt errechnet und vom Meßwert
abgezogen. Auf diese Weise erhält man -—— nach Anbringen der Eötvös—
und CC—Korrekturen — die Freiluftanomalie.

Entsprechend der Schwerezunahme vom Äquator zu den Polen (ins—
gesamt 5.200 mGal), läuft die analoge Schwereregistrierung bei Fahrt nach
Norden ständig zu höheren Werten. Meßtechnisch bedeutet das, daß man
bei ca. 100 mGal Papierbreite und 10 kn (18,5 km/h) Fahrtgeschwindigkeit
entweder die Schreiberstellung durch etwa dreimaliges, diskretes Ver—
stellen der Meßspindel pro Tag in den Registrierbereich zurückholen oder
eine Automatik zur Null—Rückführung (siehe S. 5) besitzen muß.

4. Emflufl der Topographie
Da die Messungen stets im Meeresniveau (oder in einer kleinen, stets

konstanten Abweichung hiervon) ausgeführt werden, entfällt eine Freiluft-
reduktion. Auch die Gezeitenreduktion ist — bis auf Ausnahmen nahe den
Küsten —— unbedeutend. Während für geodätische Zwecke überwiegend
die Freiluftanomalien direkt benötigt werden, ist für die geologisch—
geophysikalische Interpretation der Einfluß der Wassertiefe und des
Bodenreliefs zu eliminieren. Mit geringem Rechenaufwand kann man die
sogenannte
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4a) Plaflen— oder simple Boagaer—Korrekz‘z'on anbringen, die sich für die
Wassertiefe h aus

3 _ a == Dichte der to o ra hischen Massen“A = ~Aa~orh R v P g Pgpz 2 Ö /G R = Erdradius

Für A0 = 1,64 (:2,67—— 1,03) g/cm3 ist

41n = + 0,068711 [mGal/m]

Diese vereinfachte Annahme einer unendlichen Platte von der Dicke
der Wassertiefe am Meßpunkt ist aber nur für Schelfmeere und Tiefsee—
Ebenen sinnvoll. Bei rauher Topographie des Meeresbodens wird die volle

4b) topograp/yz'ro/oe Korrektion notwendig, die wiederum nur in Aus—
nahmefällen durch ein zweidimensionales Modell ersetzt werden kann.

Die dreidimensionale Durchrechnung der Umgebung des Meßpunktes
bis zu 90 Seemeilen (Hayford—Zone 02) erfordert zur Eingabe mindestens
1000, zonenweise möglichst gleichverteilte Tiefenangaben, die sich im
Nahbereich für jeden Meßpunkt ändern. Die bekannten Rechenverfahren
müssen hierzu den anders gearteten Verhältnissen auf dem Meere — ins—
besondere den sehr inhomogenen Lotungsangaben —— angepaßt werden.
Ein entsprechendes Computerprogramm wurde u. a. von Schulz, (Fleischer
et 41., 1973) erstellt. Die Rechenzeit pro Auswertepunkt liegt für einen
mittelgroßen Rechner (105k, Zykluszeit 1 ‚us) bei 3 Sekunden. Für die
gesamte Durchrechnung eines Meßgebietes mit 1000 Auswertepunkten
werden somit etwa 60 Rechenminuten benötigt. Parameter wie die Gesteins—
dichte können leicht variiert werden.

4o) Irorz‘az‘z'ro/yo Korrektion. Bei großen \Vassertiefen ergibt sich für
die Bougueranomalie ein sehr hoher Wert, nämlich + 250 bis —|— 350 mGal
über den Ozeanbecken. Diese Werte zeigen an, daß die relativ dünne ozeani—
sche Lithosphäre besonders hohe Dichte (um 3,0 g/cm3) aufweisen muß,
bzw. daß der obere Mantel unter den Ozeanen sehr hoch (d.h. nur etwa
5 km unter dem Meeresboden) liegt, um ein Gleichgewicht zu der rund
5 km dicken Wasserschicht zu erreichen. Bei der Untersuchung kleinerer
Gebiete interessiert jedoch diese globale Kompensation weniger als die
Abweichung gegen den Ausgleichszustand, die isostatische Anomalie.
Bei der Reduktion nach Airy-Heiskanen (Heiskanen, 1939) muß die
Krustendicke, also die Tiefe der Ausgleichsfläche T (nach Vening-Meinesz
ferner ein Radius R) gewählt werden, bis zu welcher die Kompensation
eines topographischen Elementes verteilt sein soll. Man nimmt vorzugs-
weise T :30 km, R :O. Für diese Werte sind Tabellen des Reduktions-
gliedes „Compensation A—Og“ bis 167 km Radius sowie „Topography
and Compensation“ für die restliche Erde („2‘ + o 18—1“) von Heiskanen und
Nuotio (1938) veröffentlicht worden. Beide Glieder, also auch ihre Summe,
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ändern sich nur wenig und fügen sich dem Verlauf der Topographie an,
so daß sich leicht Isolinien konstruieren lassen (siehe z. B. Fleischer, 1964).
Die isostatische Korrektur macht die Bouguer—Korrektion weitgehend
rückgängig. Somit erhält man wieder den Freiluftanomalien ähnliche Ano—
malien. Die Freiluftanomalien sind demnach eine erste Näherung der iso-
statischen Anomalien für die Ausgleichstiefe Null.

Eine Zusammenstellung aller Effekte und ihrer praktischen Auswirkung
auf die Gravimeteranzeige ist in Tabelle 1 gegeben.

V. Pm/étz'xcbe Beirpz'ele gravimetrz'sc/yer Seevermessungm

A. Seegravimetrische Aktivitäten einiger Institutionen

Etwa seit dem Jahre 1957 entfaltete sich eine ständig zunehmende
gravimetrische Meßtätigkeit auf allen Meeren, die teils von den hydro-
graphischen Diensten, teils von verschiedenen Forschungsinstituten über—
nommen wurden. Zusammenhängende Vermessungen erfolgten dabei
überwiegend in den nationalen Interessensphären, beispielsweise in den
Gewässern um Großbritannien durch das Hydrographic Department, den
Natural Environment Research Council und die Universitäten Cambridge
und Durham, im Mittelmeer weitgehend durch das Osservatorio Geofisico
Sperimentale, Triest (Allan und Morelli, 1971) und im fernen Osten durch
das Ocean Research Institute der Universität Tokio (z. B. Segawa, 1968).

An weltweiten Untersuchungen sind vor allem diejenigen des Lamont—
Doherty Geological Observatory (z. B. Le Pichon und Talwani, 1968;
Talwani und Le Pichon, 1969) zu nennen, sowie die systematische Ver—
messung des Nordatlantik auf jedem 3. Breitengrad durch das Techno—
logische Institut Delft (Strang van Hees, 1967; Anonymous, 1967b) und
die Arbeiten im nordwestlichen Atlantik durch das Bedford Institute of
Oceanography (Loncarevic, 1966; Keen, Loncarevic und Ewing, 1970;
u.a.). Schließlich führen das U. S. Naval Oceanographic Office und die
Sowjetunion intensiv seegravimetrische Vermessungen durch. Im Gegensatz
zu den vorgenannten Arbeiten, deren Daten dem Bureau Gravimetrique
International in Paris gemeldet werden, sind die letzteren jedoch wegen
militärischen Interesses nicht zugänglich. Entsprechendes gilt für die kom—
merziell in zunehmendem Maße getätigten Vermessungen für die Lager—
stättenprospektion.

Von deutscher Seite wurde in den Jahren von 1957 bis 1964 in Zu—
sammenarbeit von Bundesanstalt für Bodenforschung und Deutschem
Hydrographischem Institut eine geophysikalische Übersichtsvermessung
der südlichen und mittleren Nordsee durchgeführt (Closs, 1962; Fleischer,
1963; Hinz, 1968). Mit Indienststellung des F. S. „Meteor“ im Jahre 1964
wurden fernerliegende Aufgabengebiete vorgenommen. Vier Fahrten
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führten in den Bereich Mittelmeer ——- Indischer Ozean, die übrigen aus—
nahmslos in den mittleren und nordöstlichen Atlantischen Ozean. Intensiv
wurde hier die Große Meteor—Bank von verschiedenen Forschergruppen
geophysikalisch untersucht (s. Literaturanhang), ferner von Seiten der
Bundesanstalt für Bodenforschung das Gebiet der Kanarischen Inseln
(Roeser, Hinz und Plaumann, 1971) und Profile in der Norwegischen See
(Hinz und Moe, 1971. Zur Gravimetrie in diesem Gebiet s. Talwani und
Edholm, 1972).

Die Aktivitäten des Deutschen Hydrographischen Instituts in den
Jahren 1965 bis 1972 erstreckten sich auf die Untersuchungen sehr ver-
schiedenartiger Strukturen zwischen Jan Mayen und dem Äquator. Die
Vielfalt der vorkommenden Anomalien und ihre Deutung läßt sich daher
besonders gut an ausgewählten Profilen für die verschiedenen Meßgebiete
demonstrieren (Abb. 11).

B. Schwereanomalien verschiedener ozeanischer Strukturen

Die auffälligste und wichtigste Struktur des Atlantischen Ozeans ist der
Mittelatlantische Rücken. Von ihm wurden ausgewählte Teilgebiete ver-
messen, u.zw. der Island—Jan Mayen—Rücken (Meßgebiet A) durch VFS
„Komet“ 1971, sowie der Reykjanesrücken etwa 700 sm südwestlich von
Island 1966 (Gebiet C) auf Fahrt 4 und die Romanche—Bruchzone (Abb.
11, E) auf der Atlantischen Expedition 1965 (IQSY) des F. S. „Meteor“.

Typisch für den aktiven Teil des Rückens ist das Profil C, das die dem
Rücken parallelen magnetischen Streifenmuster senkrecht schneidet
(Abb. 12 C). Aus ihnen folgt eine Ausbreitungsgeschwindigkeit des Meeres-
bodens nach der Sea/[oar spreading Hypothese von 2 ><1,1 cm/Jahr (Flei—
scher, 1969; Fleischer et al, 1973). Die Freiluftanomalie gibt den zentralen
Riftgraben wieder, während die Bougueranomalie eine Teilkompensation
(„Wurzel“) dieses Gebirgszuges andeutet. Weiter nördlich ist der dort
wenig zerklüftete Rücken dagegen durch eine im ganzen positive Freiluft—
anomalie gekennzeichnet, so bei 59°—62°N (Talwani, Windish und Lang—
seth, 1971) und nördlich von Island (Abb. 12 A). Hier zeigt sich eine Paral—
lelität zum Grundgebirge und somit die Nützlichkeit der Kenntnis der
Sedimentbedeckung aus gleichzeitigen Air—gun—Messungen (Hinz, per—
sönliche Mitteilung). Während der Kamm des Rückens morphologisch' nur undeutlich hervortritt, ist die zentrale magnetische Anomalie hier mit
3000 nT (3000 y) sehr stark ausgeprägt. Auch treten deutlich die parallelen
Streifenmuster auf (Meyer er al., 1972).

Eine Zehnerpotenz geringer sind die magnetischen Anomalien im
Bereich der Romanche-Bruchzone, der größten und tiefsten Tmmformfault
des Mittelatlantischen Rückens (Abb. 12 E). Die Freiluftanomalie zeigt,
daß im zentralen, aktiven Teil dieser Struktur, längs der der Rücken um
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etwa 500 sm versetzt ist (ca. 0o 45’ Süd), praktisch keine isostatische Kom—
pensation auftritt, während die parallel verlaufende Chain—Bruchzone, die
hier auf ihrem inaktiven, außerhalb des Rückenversatzes liegenden Teil—
stück bei etwa 2° 30’ Süd geschnitten wird, eine solche erkennen läßt.
Offenbar wirken hier die rezenten Verformungen einem isostatischen
Ausgleich entgegen.

Nicht isostatisch kompensiert sind offensichtlich auch ozeanische Kup-
pen wie die Große Meteor—Bank (Abb. 12 D). Sowohl die ermittelte Dichte
zusammen mit der magnetischen Anomalie (Fleischer, Meyer und Schaaf,
1970) als auch die refraktions— und reflexionsseismischen Ergebnisse
(Aric, Hirschleber, Menzel und Weigel, 1970) lassen auf kontinentalen
Ursprung dieses großen Plateaus schließen. Doch folgert Hinz (1969) aus
PneufleX-Messungen eine submarine vulkanische Genese. Auch morpho—
metrische und Sedimentkern-Untersuchungen wurden zur Erklärung der
Oberflächenform herangezogen (s. Literaturanhang).

Schließlich wurde das Teilstück Island—Färöer des Grönland—Schott-
landrückens, der den Mittelatlantischen Rücken bei Island kreuzt, mit einer
engmaschigen Vermessung überdeckt. Dieser Rücken unterscheidet sich
von einem aktiven mittelozeanischen Rücken durch das Fehlen von Erd—
bebenepizentren und von linearen magnetischen Strukturen. Trotz sehr
glatter Topographie treten beachtliche Schwerestörungen auf (Abb. 12 B),
wobei sich relative Minima von etwa 30 mGal nur durch sehr leichte Mas—
seneinlagerungen oder große Tiefenerstreckung erklären lassen (Bott,
Browitt und Stacey, 1971; Fleischer, 1971). Sparker-Messungen, die auf
Fahrt 27 des F. S. „Meteor“ durchgeführt wurden, zeigen an diesen Stellen
Sedimentationströge, die aber nur wenige hundert Meter Tiefe erreichen
(Fleischer, Holzkamm, Vollbrecht und Voppel, 1974).

Weitere Beispiele ließen sich für die Nordsee und andere Schelfmeere
geben, wo sich vielfach die gleichen Strukturen wie auf dem angrenzenden
Festland nachweisen lassen. Insbesondere können Salzstrukturen lokalisiert
und damit Anhaltspunkte für die Erdölprospektion gegeben werden.
Dies ist bekannterweise in der Nordsee erfolgreich geschehen.
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Abstract. The pitch angle distributions of energetic solar protons in the

pseudo-trapping region were used in order to examine magnetospheric processes.
Temporal and spatial variations of these processes should give insight into the
magnetospheric dynamics. Data from two instruments (viewing angle perpendic-
ular and 45° with respect to the local geomagnetic field) on board the low
altitude polar orbiting satellite GRS/AZur give a rough measure of the pitch angle
distribution of energetic solar protons (1.5 <E <2.7 MeV) over the polar cap.
For several solar particle events the ratios of the counting rates of the two instru-
ments were ordered according to invariant latitude, magnetic local time and
geomagnetic activity. The geomagnetic activity was expressed by the time phase
relative to the expansion of isolated substorms and the H—component of the
magnetic field at a near midnight auroral station. Thus the analysis shows sub-
storm-related effects on energetic particles in the pseudo-trapping region.

Key words: Magnetosphere — Solar Protons — Substorms.

Introduction
Measurements of energetic solar particles over the earth’s polar caps

have been extensively reported in the literature. The main interest in this
subject is due to the fact that these measurements can reveal the topology
of the geomagnetic tail.

As far as energetic solar protons are concerned the low altitude polar
cap can essentially be divided into three regions: The open field line region,
where entry is mainly from the tail, the pseudo-trapping region between the
last closed field line and the last closed drift shell and the stable—trapping
region at latitudes below the last closed drift shell. Whereas the latitudinal
flux structure in the open field line region is closely related with the entry
of solar protons into the magnetosphere and thus with the topology of the
magnetosphere, investigation of the pitch angle distribution of solar protons
on closed field lines and the position of the cut-off latitude can contribute
to the understanding of magnetospheric dynamics.
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Paulikas et al. (1968) and Blake et al. (1968) have inferred the quasi-
trapped nature of solar protons from their pitch angle distribution peaked
at 90° to the geomagnetic field line. Flindt (1970) has identified the pseudo—
trapping region boundary within which a double loss cone decreases the
counting rate of a low altitude omnidirectional detector, by the ‘edges’ in
the counting rate profiles thus produced. However, as shown by Morfill
(1973 a), quasi—trapped particles do not necessarily have an anisotropic
pitch angle distribution. Breakdown of the first adiabatic invariant in the
strongly curved field line regions near the last closed field line leads to an
effect which cannot be differentiated from strong pitch angle scattering by
a low altitude satellite detector. In addition resonant scattering of the
particles with hydromagnetic waves during magnetically disturbed times
can lead to pitch angle redistributions.

Dispite the large amount of polar cap proton data reported in the
literature, detailed investigation of their pitch angle distribution and cut-
off variation during times of geomagnetic activity is relatively rare. Imhof
et al. (1971) found a significant decrease of the cut-off latitude with increas-
ing Kp, which confirmed previous findings by Paulikas et al. (1970).
Bewick et al. (1970) compared the solar proton cut—off with the high latitude
electron boundary during substorm activity. They found that solar protons
become trapped and are transported to lower latitudes during magneto-
spheric substorms. Williams and Heuring (1973) have shown cut-off
variations of solar protons during a large geomagnetic storm, without,
however, commenting on the detailed time variation of these cut-offs. They
found a development of an isotropic loss cone distribution from an aniso-
tropic distribution on the day side during the development of the symmetric
ring current, indicating strong pitch angle diffusion.

The present report attempts to investigate the solar proton pitch angle
distribution during geomagnetically active times on a statistical basis.
Several solar particle events have been observed from December 25, 1969,
to April 7, 1970 by the low altitude polar orbiting satellite GRS—A Azur.
The events were subdivided according to the substorm activity expressed
by the time phase relative to the expansion and by a signature level given
by the depression of the H magnetometer component of a near-midnight
auroral station.

Instrumentation

The data presented in this paper were taken with two identical particle
telescopes on the dawn-dusk polar orbiting satellite GRS-A Azur (incli-
nation 102.94°, perigee 383 km, apogee 3145 km, period 122 min.) The
satellite is magnetically stabilized. The two proton—alpha particle telescopes
(88/1 and 88/2) are oriented one perpendicular and one at an angle of 45°
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(88/2) With respect to the local geomagnetic field vector. In the northern
hemisphere telescope 88/2 points upwards. Only data from the lowest
energy channel (1.5ng27 MeV) are used for this investigation. In
addition data from an omnidirectional proton-electron detector (93/1)
were used in order to indicate the location of the 1 MeV electron radiation
belt. A detailed description of the experiments and an analysis of the cali-
bration measurements are published in Achtermann et al. (1970).

The half opening angle of each of the two detectors is 22° and the sizes
of atmospheric loss cones are typically ~37° for the satellite altitude over
the northern polar cap during the time of the observations. Therefore,
instrument 88/2 points partially into the upper atmospheric loss cone if
there is a double loss cone distribution, whereas instrument 88/1 is unaf-
fected. The reduction in measured counting rate for the 88/2 detector
relative to 88/1 is approximately 28% in the case of sharp loss cones and an
isotropic distribution everywhere else. Therefore, we can describe the
strength of the scattering processes acting on trapped and quasi-trapped
particles by the ratio R = counts in detector 88/1 : counts in detector 88/2.
If R >1 we have a double loss cone distribution, if R <1 there is particle
precipitation along the field lines and if R =1 the flux is isotropic with
the loss cone filled up.

Metboa’ of Analysis

The method of analysis is discussed in some detail. This is done so that
the reader can assess the statistical significance of the presented data and to
give a guideline for possible similar statistical investigations. The ratio R
of the counting rates in the instruments 88/ 1 and 88/2, henceforth designated
with 6‘90 and 6‘45, were divided into 12 intervals of width A R =O.2 from
R=0 to R=2.4. The ratios were then ordered according to invariant
latitude A, magnetic local time MLT and magnetic activity M. The process
to be investigated is substorm activity, expressed by the time phase relative
to the expansion and a certain signature level given by the maximum de-
pression of the H—component of the magnetic field at a near local midnight
auroral station. Thus in this analysis M= T and Bo. To account for the
statistical error at low counting rates, the ratios R are weighted according
to their relative error, i. e. the weighting factor is

1 1
V793 V675

1 — «A, MLT, M, R) =1 — (1)

If 2: >1 (i. e. the average counting rate <4 counts/frame) the data
were rejected. The weighted frequency of occurrence in a certain A, MLT,
M, R interval is then
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k
N0(A, MLT, M, 12) = z (1 — „(1, A, MLT, M, 12)) (2)

l==1

whereby the summation is taken over all events falling into these A, MLT,
M, R intervals. For each of the A, MLT, M intervals we can construct
histograms by plotting N0 vs. R. From the mean of the distribution, the
spread around the mean and from the shape of the histogram, it is possible
to draw conclusions about effects which influence the energetic solar
particle distributions inside the magnetosphere, i. e. those where the magnet-
osphere plays an active, dynamic role.

In order to understand these experimental histograms we have to
calculate the corresponding theoretical histograms which we would obtain
from the statistics of the measurements. In the case of an isotropic pitch
angle distribution with no loss cones, this is done in the following way.

From the two counting rates 6‘90 and 6‘45 we get a mean counting rate

‘- = (‘90 + 549/2 (3)

The probability of measuring a counting rate ‘m’ in one of the detectors
is given by the Poisson distribution:

5m g’ÖHm: m
We now require the probability )5 of obtaining a ratio R of the counting

rates 6‘90 and 6‘45, where R0 <Rg R1. x is given by

X(Ro < R S R1) = ä ë PW) PO?) (5)

where the summation is taken over all counting rates m and n, so that

%<%s& o
It has been assumed in (5) that the particle distribution is isotropic

with the mean counting rate in each detector given by c“.
Multiplication of X with the weighting factor x and summation over

all events gives finally the theoretical histogram ‘NT’ for the case of an
isotropic pitch angle distribution.

Fig. 1 shows MR) for four different values of E. As one would expect,
the distribution gets sharper with increasing mean counting rate. Typical
counting rates of the measurements reported here are in the order of ~50
counts per 10 sec. An interesting feature of this analysis is the double peak
structure at low values of mean counting rate 6'. This is an entirely real
phenomenon and arises out of the probability of the ratio R = fg—O lying

‘45
within the limits R0 to R1 when 6‘90 and €45 are quantised values.
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Fig. 1. Theoretical histogram of the probability Z (R) of obtaining a ratio in
counting rates ego/:45 = R. Probabilities are added in parameter blocks a R = 0.2.

Probability distributions are shown for four different mean counting rates c?
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Aims of z‘lye Slaz‘z'n‘z'ml Analysis

The method which we have developed fulfills the aims of our analysis,
which are firstly, to formulate the pitch angle distribution problem in a
manner which gives the desired information about the spatial dependence
(A, MLT) and the activity —— temporal dependence (B 0 and T), and secondly
to compare the observed distributions (in the form of histograms) with a
theoretical calculation of isotropic particle fluxes. It thus becomes possible,
to decide on the basis of measurements and theoretical histograms whether
the observations at a given position, time and magnetic activity corre-
spond to an isotropic distribution in pitch, a double loss cone distribution,
a trapping distribution or precipitation into the atmosphere. The spatial
and temporal variation can then be used to find out if on average any one
of these processes is predominant at a given place or time, and thus to
associate the process with the corresponding magnetic activity.

This type of information can only be obtained with a statistical analy-
sis, and clearly it is important to reduce the wealth of variable parameters
to manageable levels without masking and encoding the information
content of the data too drastically. In our particular case we are also limited
by the detector configuration, but we feel that a substantially more detailed
pitch angle resolution than ours would need to be simplified to a similar

. 0 . . .parameter such as our ratio R = —9_0 in order to av01d too much complex1ty.
645

)

. . . 6'Improvements to our analy31s can be obtained by eg. usrng R =fl
”o

larger geometric factors (and correspondingly larger counting rates) and
observation of more events, i.e. increasing the statistical weight. It is for
this reason that we have described the method of analysis in perhaps
greater detail than otherwise necessary.

In order to evaluate the observed pitch angle distributions in the con-
text of possible mangetospheric processes, which may be acting on the
particles, it is necessary to understand the normal spatial variation of these
distributions when no influences other than the field topology itself (assum-
ed to be static) exist. Some comments on this are made by Morfill (1973 b).

Normal Pitch Angle Distributions

In the open field line region, there is only a single relatively sharp loss
cone, which can not be observed by our two detectors 88/1 and 88/2 due
to their orientation in the satellite. The pitch angle distribution is isotropic
outside this loss cone, which is well approximated by projection to the
satellite of a zero flux level, which is due to atmospheric absorption at
altitudes of 100 km.
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In a invariant latitude band between 3° to 5° wide, at latitudes just below
the last closed field lines, Morfill (1973a) has shown that 1 MeV protons
do not conserve the first adiabatic invariant. This results in a single loss
cone distribution at low altitudes, although the detector is on closed field
lines. The particle intensity here is then similar to that just on open field
lines near the last closed field line.

At all latitudes below this boundary, the particles exhibit a double
loss cone distribution, the second (upper) loss cone being formed by at—
mospheric absorption at the conjugate point in the other hemisphere.

Since the breakdown of thefirst invariant extends into the closed drift shell
region at midnight (Morfill, 1973 a) it must be relatively easy for particles
to find access into the trapping region at these localised positions. Since
these particles are able to drift around the earth more than once, a trapping
distribution may be set up (Roberts, 1969), even at quiet times. This trapp-
ing distribution is characterised by larger loss cones than the double loss
cone distribution, and relatively smooth pitch angle-intensity profiles.

It is clear that the boundaries of these pitch angle distribution ‘regions’
in this ‘normal’ picture are closely related to (and in general a few degrees
below) the 40 keV and 1 MeV electron boundaries.

We shall now give a brief phenomenological account of the modifica-
tion of these ‘normal’ distributions described. More detailed descriptions
can be found in eg. Morfill, (1973 a, b) Bewick at al. (1973).

Strong Pitch Angle Scattering

Leaving aside the question of the sources of such scattering, we assume
that scattering can vary spatially in longitude and latitude. For a given
drift shell, the effect of a localised region of strong pitch angle scattering,
is to isotropise the equatorial particle distribution, filling up the atmospheric
loss cones in a time short compared to the particle bounce period, 11,.

MN
d:1,, _ 2 f .17” (7)

Ms

where MN and MS are the northern and southern mirror points, ds is the
element of length along the field line in the given drift shell, and v" is the
component of particle velocity parallel to the field.

n, = 3.3 409%: (1 — 0.43 sin a0) (8)

1b is in seconds, L in earth radii, 1/ in cm/sec. oco is the equatorial pitch
angle.
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Outside this localised region, the particle distribution again becomes
double loss cone and possibly trapping. If strong pitch angle scattering
exists at all local times, the distribution is isotropic along the whole drift
shell.

Weak Pitch Angle Scattering

When weak pitch angle scattering exists, this manifests itself to a low
altitude particle detector as an increase in the atmospheric loss cone. Par-
ticles which mirror at low altitudes above the atmosphere are scattered
into the loss cone and are not replaced, as in the case of strong pitch angle
scattering, by particles mirroring near the equator. Consequently, as the
particle distribution drifts around in longitude, the loss cone size increases,
so that —— in the case of positively charged particles -— the dawn loss cone
is greater than the dusk one.

Precipitation

The definition of precipitation adopted here is simply 6‘45 >690, or there
are more particles whose mirror points lie below the satellite, at a point
along the field line where the magnetic field strength is twice that at the
satellite position. This mirror point may lie below the atmospheric cut—off
in which case these particles will be absorbed, and the same mya be true for
the conjugate point, if the satellite is on closed field lines. In this case,
an adiabatic projection of the two satellite directions of incidence (45°
and 90° pitch angles) to the equator can be made, in order to asses the shape
of the particle distribution at that position. We have

sin 0590 = V2 sin 0545 (9)

where 0:90 corresponds to the equatorial pitch angle of particles mirroring
at the satellite and 0:45 to the particles with pitch angles of 45° at the satellite
position.

These 45° particles mirror at Nr: 1, so that

sin? a4, = 11: (10)

Thus at eg. L=8z

0:45 æ 2.5o

0:90 æ 35°

A difference of only a few percent in the directional proton intensities
at these two viewing directions is representative, therefore of a sizeable
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anisotropy over a small angular region of the equatorial particle distribution.
However, at any intermediate distance, the anisotropy will be less pro-
nounced than described here for the equatorial case.

Spatial Resolution

As mentioned earlier, the statistical method devised here allows us to
examine the full spatial distribution of magnetospheric processes which
affect the solar proton pitch angle distribution. Clearly, it is necessary, once
the expected quiet time behaviour of. the spatial variation has been develop-
ed, to determine the boundaries between the different regimes.

In Fig. 2 we have shown cross sections of the magnetospheric noon
midnight meridian at normal low magnetic activity (a), the substrom build—

(a)
AURORAL ZONE

H -RECÜRD

Fig. 2. Schematic field lines in the noon~midnight meridian at normal low magnetic
activity (a), the substorm build—up phase (b), the substorm expansion phase (c),

and the quiet post Substorm phase (d)
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up phase (b), the substorm expansion phase within half an hour of the actual
expansion (c) and the quiet post substorm expansion phase ((1). The times
to which these figures refer are shown schematically in relation to a typical
isolated substorm auroral zone H-record magnetogram. These figures are
based partially on the magnetic field observations of Fairfield and Ness
(1970).

In (a), the electron trapping boundary occurs at around 68° invariant
latitude, and the figure shows the continued reconnection of field lines
across the neutral sheet observed by eg. Behannon (1970).

In (b), the electron trapping boundary occurs at around 66°, the magnetic
field strength in the tail is greater than in (a) and the plasma sheet moves
closer to the earth. Also shown schematically is a neutral sheet magnetic
field structure such as proposed on observational evidence by Schindler
and Ness (1972).

In (c), the electron trapping boundary occurs at around 72°, although
dipole-like field lines extend to about 74°. The magnetotail has expanded
and is characterised by this dipole-like topology and low field strengths.
Also indicated schematically are magnetic fluctuations such as observed by
McPherron and Coleman (1970) with ATS 1. These fluctuations are a com-
mon occurrence on the nightside during magnetic substorms. They are
compressional in nature and begin shortly after the start of the expansion
phase and last for typically 30 minutes to one hour.

In ((1), the expansion phase of the substorm is still in progress, but the
field fluctuations described in (c) have died down. The electron trapping
boundary occurs at around 72°, but the field gradually begins to assume the
‘normal’ character described in (a).
Regions (1), (2) and (3) indicated in the figure correspond to midnight
invariant latitude intervals of 72°——75°, 69°—72° and 66°—-69° respectively.
The regions sampled by the Azur detector were also grouped in these
invariant latitude bands. Due to the asymmetric nature (with respect to
the geomagnetic pole) of the high latitude polar cap (eg. Morfill, 1972)
these Azur regions might not necessarily correspond to the three regions
shown in Fig. 2). The satellite orbit always remained in a narrow magnetic
local time band at these latitudes. On the dawn side this was from 3.00 to
5.00 Magnetic Local Time (MLT), on the dusk side from 18.00 to 20.00
MLT. From the known, or inferred, position of the last closed field line
and last closed drift shell at the times a) to d) of Fig. 2, we can deduce
the region in space near the midnight meridian sampled by the satellite
during its passage through these invariant latitude bands. It is found that
the slight asymmetry in the orbits does not produce major dawn —— dusk
diflerences. Below we have constructed a table showing the regions sampled
by the satellite in the three invariant latitude bands during the different
times investigated.
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a) -— normal magnetosphere

A—band Region sampled

1 open field lines
front edge of neutral sheet and nonadiabatic
part of pseudotrapping region

3 ‘stable’ trapping within nonadiabatic drift shell
region

b) -— growth phase

A-band Region sampled

1 open field lines
open/front edge of neutral sheet

3 front edge of neutral sheet
(nonadiabatic part of pseudotrapping region)

c) and d) —— expansion phase

A-band Region sampled

1 front edge of neutral sheet
nonadiabatic part (pseudotrapping region)

2 stable trapping region (partly within nonadia-
batic drift shells)

3 stable trapping (adiabatic drift shells)

The dusk side invariant latitude bands, where they sample the front
edge of the neutral sheet, are reached on the first, or at most the second
bounce, so that these particles should retain information about the topology
and dynamics of the nightside region near the neutral sheet.

Fig. 3 shows an invariant latitude (/1), Magnetic Local Time (MLT)
plot for case (a), the ‘normal’ magnetosphere, taken from Morfill (1973 a).
The regions covered by the orbits in our analysis are indicated, as well
as the open field line region (as determined from particle trajectories), the
nonadiabatic part of the pseudotrapping region (where strong magnetic
field gradients and curvature give rise to nonadiabatic particle motion) and
the pseudotrapping region (where particles cannot drift around the earth
by more than 360° without being lost, i.e. no closed drift shells) are indi-
cated.
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Fig. 3. The regions covered by the orbits in the statistical analysis in an invariant
latitude —— magnetic local time diagram. Also indicated are the last closed field
line LCF, the last adiabatic drift shell LAD and the nonadiabatic part of the

pseudotrapping region (between LCF and LAF)

Temporal Resolution

The temporal resolution during this statistical analysis is determined
only by the number of orbits available, and the number of isolated sub-
storms. We have chosen a half hourly resolution during the two hours
before and after the substorm expansion and then a coarser time-grid.
This choice was made mainly because the polar passages of the satellite
last for typically 20 minutes, the exact time of the substorm expansion could
not be determined very accurately in some cases (j: 10 minutes), and a
better resolution would have decreased the statistical accuracy.

Obsermtiam and Discussion

Before presenting the results of the statistical analysis we discuss
individual measurements from a single substorm. Fig. 4 shows an example
of electron and proton measurements during an isolated substorm on
March 29, 1970, at 24.00 UT taken from Hausler a! HL, 1973. Orbit 167’6
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Fig. 4. Trapped and solar protons (1.5—2.7 MeV) and electrons (23> 1.5 MeV)
measured during an isolated substorm on March 29/30, 1970. Proton fluxes are
observed in two directions with respect to the local geomagnetic field (indicated

by two different symbols). (From Hausler et 021., 1973)

was recorded about 30 min before the substorm expansion phase, during
orbit 1677 the satellite passed the north polar cap in the recovery phase
about 90 min after the substorm expansion. Whereas in the orbit just
prior to the substort'n expansion the electron belt extended out to L~5.3,
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it reached up to L~7 afterwards. The small radial extent of the elcetron
belt during the growth phase of a substorm is generally thought to be due
to the following: Field lines from the front side of the magnetopause are
transported into the tail (Aubry et al., 1970), resulting in a higher tail
field strength, and stronger currents in the neutral sheet. The strong tail
field, in turn, opens up the dipolar field lines and stretches them deep
into the tail. Particles on these field lines can no longer execute a full drift
and the last closed drift shell moves towards lower latitudes. The increase
in radial extent of the electron belt after the substorm expansion is under-
stood in the following way: Field lines in the tail reconnect and snap in-
wards, and the electron trapping boundary moves towards higher latitudes,
following the collapse and recapturing or acceleration of electrons on these
high latitude closed field lines. This description is consistent with the
observations of Ness and Williams (1966) and Williams and Ness (1966)
who found a correlation between the tail field strength and the location
of the high latitude electron boundary.

As can be seen from Fig. 4 the solar proton flux is isotropic every—
where, within the limits of the counting statistics, before the expansion
(Orbit, 1676). In the recovery phase the decrease from the high latitude
plateau flux value towards the particle cut-off is more gradual, and the
pitch angle distribution is anisotropic between the cut—off at L~4.5 and
L~6.

We now proceed to investigate substorm related effects on a statistical
basis. During the time interval from December 25, 1969 to April 7, 1970,
68 substorms were selected during which energetic solar protons were
observed over the northern polar cap. The time onset of the substorm
was determined by the beginning of the compression of the H—component
for a near midnight auroral station. The three stations selected were College,
Leirvogur and Fort Churchill, and data was supported in some doubtful
cases from other stations closer to magnetic local midnight.

Fig. 5 shows a histogram of N, the weighted frequency of occurrence
of events, plotted against the ratio 690/645 of the counting rates in the 90
degree and 45 degree detectors. The solid curve (N0) represents the distribu-
tion actually measured, and the dotted curve (NT) is the theoretical distri—
bution calculated under the assumption that the proton intensity at the
satellite is isotropic. The overlap between the two histograms were taken
on morning and evening polar passes, in the invariant latitude region
A = 72° to 75° at a time T= 0 hours to 0.5 hours after the substorm expan—
sion. For this example, and all the subsequent ones, we have selected
substorms which gave a maximum depression of the H—component of the
geomagnetic field, at a near local midnight auroral station, of 400 to 600
gammas. Also shown in Fig. 5 is the difference between observed and theo-
retical histograms, NO—NT, and it is this part of the figures which will be
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lines the equivalent theoretical distribution, Nah, if the particle flux is assumed
isotropic. The region of overlap is shaded. In the lower panel the difference
;\T„—;\TT is plotted. Data are shown for morning and evening passes at invariant
lat. A = "KT—75° and at T: 0 hours to 0.5 hours after the substorm expansion phase

used to decide whether the measurements are consistent with isotropy,
or whether there is evidence for a double loss cone distribution or precipita-
tion. If the observed histogram is shifted towards a lower median can/545
value with respect to the theoretical curve, this is seen in the NÜ—NT
plot as a positive branch at values of (390/645 less than 1, and a corresponding
negative branch at 590/645 greater than 1. Such a shift is interpreted as pre-
cipitation, i. e. a particle anisotropy where the larger flux mirrors at lower
altitudes. Similarly, if the [VD—NT plot shows a positive branch at values
of fan/545 greater than 1 and a negative branch at (rm/r45 less than 1 we
interpret this as a double loss cone or a trapping distribution, since this
picture corresponds to the case where the observed histogram has shifted
to a larger median value than that of the theoretical histogram.
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It is not easy to define meaningful statistical erros for the histograms
with which we wish to interpret those magnetospheric processes which
influence the particle population. The theoretical histograms themselves
are based on and calculated from the measurements (i.e. 5), so that an ob
servation of a sufficiently large number of events should approximate
the theoretical distribution very well. (Obviously a single measurement of
fan and :45 will produce a complete theoretical histogram, but only a single

. . . . Cobservational point in one of the ‘ratio boxes“r R0 < —9"—<_: R). We have thus
fie

compiled Fig. 6, which shows the relative overlap of theoretical and ob—
servational histograms as a function of total weighted event number 21V.)
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Fig. 6. Relative overlap of theoretical and observational histograms as a function
of total weighted event number Ë A70. Data from the open field line region are

used for this figure

(i. e. the area under the histogram). As can be seen, for relatively few events
the overlap is poor, and it approaches ~100% asymptotically as the total
event number increases. This curve was compiled from data points at
invariant latitudes where the geomagnetic field lines can be assumed to be
open, and at times more than 12 hours away from the substorm expansion
phase, i. e. under conditions which should yield isotropic particle distribu—
tions. We can use this figure to define a level of Z N0 above which the
number of events is sufficiently large to be able to detect systematic differs
ences between the observed and theoretical histograms over and above
the random differences which exist anyway because the event number is
finite. This level of Z N0 is found to be ~1000 by inspection. Fig. 5, for
instance, is interpreted as being due to an isotropic distribution, because
the fluctuations in NÜ—NT are not systematic.
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Thus in the latitude region just below the last closed field line an iso-
tropic pitch angle distribution (strong pitch angle scattering) is observed
at the beginning of the substorm expansion phase.

In this same latitude region, a double loss cone distribution is observed
approximatcl}I 2 hours after the substorm expansion as can be seen from the
positive values of Nfl—NT for R :>l in Fig. 7. This is due to no or vet}r
weak pitch angle scattering, indicating very quiet field conditions.

These observations are in qualitative agreement with measurements of
McPherron and Coleman (1970) that enhanced wave-activitj,r occurs just
after substorm expansion, and that this period is followed by a magnetically
quiet period.
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substorm expansion phase. Positive values of Nil—NT at rag/r45 4:1 are indicative

of a precipitating particle flux

At the time of the substorm growth phase onset, energetic proton
precipitation was observed in the invariant latitude range 69° to 72°. Fig. 8
shows a sample histogram for this invariant latitude range and referring
to a time period approximately 1 hour before the substorm expansion. The
systematic differences between the observed (N0) histogram and the theoret—
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ical (NT) histogram are clearly visible and indicate particle precipitation.
Reference to our table shows that the A = 69° to 72° region views the front
edge of the neutral sheet during the substorm growth phase.

This unexpected result, i. e. a preferred flow of 1 MeV protons along
the geomagnetic field lines, is difficult to understand in terms of wave
particle effects occurring near the equator. However, interaction of protons
with electron cyclotron waves is coupled with strong energy absorption
(Gendrin, 1968) for those particles scattered into small pitch angles, and
if such interactions occurred at relatively low altitudes, the observed
particle distribution may result.

A quantitative description of the gyroresonant interaction between
1 MeV protons and ion cyclotron and electron cyclotron waves is needed
in order to yield the power necessary in the magnetic fluctuations to account
for the observations.

Acknowledgement. We are grateful to Dr. G. Haerendel for many helpful
discussions.
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Abstract. The ratio of melting point to temperature is considered as a measure
for the effective viscosity. From deep seismic sounding and high pressure —- high
temperature studies certain conclusions on the material of crust and upper mantle
are derived. They are the basis for estimating melting point curves. From these
data and from temperature-depth curves viscosity-depth functions are obtained.
The difference in viscosity between adjacent oceanic and continental structures
when under tension or compression seems to be responsible for a number of
observed features such as gravity highs and mafic outcrops behind trench regions.

Key wordy: Viscosity-Depth-Structure —- Crust — Continental Margins.

1. Introduction

The determination or estimation of viscosity and rigidity of the outer
parts of the earth is a difficult task and has been treated in various ways.
Absolute values of viscosity on a regional scale have been obtained from
the uplift of the Fennoscandian Shield (Haskell, 1935), the Canadian Shield
(Berry and Fuchs, 1973), also from estimations of the quality factor Q
based on absorption measurements of seismic body waves (Anderson,
1967). These and other approaches mostly lead to viscosity values as an
integral part of large areas and depths intervals, although from tectonic and
seismic evidence it can be concluded that the viscosity in the low velocity
zone (or astenosphere) is smaller by a factor of 10 to 100 than in the layers
above and below (Lliboutry, 1972).

The first attempt to obtain a viscosity depth—function for the mantle
was made by Weertman (1970). In his excellent review paper on the creep
strength of the mantle all possible uncertainties are mentioned which are
involved in the derivation of rather reliable viscosity values. It seems

* Contribution Nr. 68 from Institut für Geophysik, Kiel.
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strange that so far no attempt for estimating crustal viscosity-depth profiles
has been made, especially as our knowledge on crustal material, on its
temperature and melting points is at least better than that on the mantle.

However difficult the development of reliable viscosity data may be
there is a general agreement that viscosity and creep play a major role in
all tectonic processes. A fact of great importance for geodynamics is that
brittle materials such as nearly all rocks tend to become ductile when
subjected to compression from all sides. It appears that for confining pres-
sures up to about 4 kbar (corresponding to depths of about 12 km) most
crustal rocks behave as a brittle material, but for confining pressures of
6 kbar and over (depths of 20 km) they are capable of considerable plastic
deformation. Moreover, long time steady state creep may occur at all
stresses, although its rate increases greatly with increasing stress and with
increasing temperature. The creep rate e' at constant stress, according to
Jaeger (1969), may be expressed by a simple relation:

e' ~ exp (mA/1€ - T) A = constant value depending
on chemistry and mineral-
ogy of a rock (1)

k = Boltzmann constant
T = absolute temperature

In a perfectly viscous fluid or “Newtonian” substance thre creep rate 9'
may be expressed as

é = t/n T: = stress (2)
77 = viscosity

Hence, 8' is reciprocal to the viscosity which is true not only for a New-
tonian body but for other models such as Kelvins’ or Binghams’ in the
long time approach as well. In natural rocks near the surface viscosity
values may vary from 1022 poise (gabbro, 20° C) to 104 poise (lava flow,
1100°), so covering a wide range of viscosity values even for the same
material but, of course, at different phases and temperatures ranges.

From Weertman’s thorough investigations it seems probable that at
stresses greater than 10—2 bar dislocation creep is the dominant creep
process. Glide controlling mechanisms lead to refined creep equations such as

6‘ = a1 -D(t/,u)2(t.Q//éT) with (3)

D = D0 exp (———oc2 - 9/T) = Diffusion coefficient (4)

oc1 = constant 1 r = stress
0:2 = constant 2, about 18 ‚u = shear module
Q = melting point Q = atomic volume
T = temperatur Æ = Boltzman’s constant
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Rewriting (2) as

n = r/e' (5)
with e from (3) and D from (4) it is evident that the diffusion coefficient
D, the creep rate e, and the viscosity ’7 strongly depend on the ratio 0/T.
For instance, we have D =10"3 cm2 sec—1 at T = Q and D :10’16 (:m2sec—1
for T: 0/2, according to Weertman (1970) who also introduced the
“effective viscosity” ñ as the viscosity at a constant creep rate of e' :10—16
sec—l. This “effective viscosity” seems to be a very efficient tool for com—
paring viscosity values in crust and upper mantle. The relation of 77 to 0/T
is so strong that it is even possible to write approximately:

ñ æ 0:3 exp(oc2 @IT) or: lnñ æ 1n 0:3 + 0:2 Q/T, (6)

From this simple relationship it is clear that one has to derive values of
Q and Tof representative crustal and upper mantle units in order to estimate
the proper viscosity values. Both Q and T strongly depend on the material
in crust and upper mantle. Other relationships and uncertainties of (9 and T
will be discussed in a later chapter. But, as it is strongly suggested that
0(z) and T(2) are indeed very different in various tectonic units, as for
instance in shelfs, shields, oceans, and young montain systems, it seems
challenging to investigate the viscosity behaviour of these various areas
and their viscosity differences in more detail. Because of the strong relation-
ships between seismic velocity and material and between material and
melting point in a given pressure-temperature environment first the crustal
material compatible with deep seismic sounding data will be discussed.

2. Seisnzic Data of Crustal Structure, Connection between Seisrnic
Velocity and Material

The relation between seismic velocities and the material (or composi-
tion of rocks) has been treated by a large number of authors. (See Birch,
1960, 1961; Christensen, 1965; Hughes and Maurette, 1956; Meissner,
1967). Combining these data with velocity-depth structures as obtained
from detailed seismic investigations it appears that the upper part of
continental crusts down to about 10—12 km consists of granitic (or sialic)
material with seismic velocities around 5.7—6.3 km/s. Whereas crustal
low velocity zones in the Alps and other young mountain belts indicate
that sialic material may reach depths of 20 or more kilometres, shield areas
may consist of more gabbroic, possibly dioritic material at medium crustal
depth (Vetter and Meissner, 1970). Up to now, the deepest part of conti—
nental crusts in general was considered to consist mainly of gabbro, how-
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ever according to investigations of Ringwood (1969) and Ito and Kennedy
(1971), a phase transition to garnet granulite (and hornblende) should
take place at p— T conditions equivalent to those of lower continental crusts.
The transition from crust to upper mantle seems to be stepwise in an
overall velocity gradient zone. Velocities larger than 7.8 km/s indicate
that the Mohorovicic-Discontinuity (z Moho) has been reached. For a
number of reasons (Meissner, 1973) peridotitic material should prevail
in the uppermost part of the mantle where in general average velocities
of 8.0 to 8.2 km/s are found. This dense peridotitic or pyroxenitic mate—
rial has a high melting point and a high viscosity.

Compared to continental crusts the oceanic crust is much more simple
and shallower. In the average, below 5 km of ocean water it is only“ 5 km
thick reaching from 5 to 10 km. Underneath thin layers of sediment and
basalt there has gabbro to be assumed for the bulk of the crust. The upper-
most part of the mantle, beginning alread}.r at 10 km depth, seems to consist
of peridotitic material, similar to the mantle material of continental crusts
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with their Mohos at deeper and most different depths. It is already known
that the oceanic crust and upper mantle are much colder and hence much
more rigid than their continental counterparts. Some velocity-depth
profiles of representative areas of young mountain belts (Central Alps),
from the boundary of the Alps (Northern Alps), and from an average
oceanic crust are shown on the left part of Fig. 1. Some more data of shield
and shelf areas are presented at the right part of that figure. It can be seen
that the same depth ranges inhibit a completely different velocity structure.
Differences are especially large between oceanic and young mountain
areas. As will be shown these differences are not only found for the velocity
structure and the material; also the viscosity turns out to be very different
at comparable depth ranges which may play an important role when adjacent
units come under tension or pressure.

3. Amnrnpz‘z'onx for Tempemmre—Depfb Function: and Melting Point:

Temperature — depth functions (or geotherms) T(z) are normally
calculated on the basis of heat flow values and crustal structure. Reduced
values are 0.92 3130.17 ,ucal cm—2sec—1 for average shield areas (Lee and
Uyeda, 1965), 1.39 j; 0.4 for the Alps (Haenel and Zoth, 1973), and 1.28 i
0.53 for average ocean basins. Using these average heat flow values still
additional assumptions on the heat production and the thermal conductivity
have to be made in order to derive T(z) for certain regions (Buntebarth,
1973). So, temperature-depth curves should be taken with some caution
although it is quite evident that temperatures in the crust and upper mantle
follow a decreasing scale from volcanic areas, orogenic areas, ocean basins,
to shield areas. Geotherms, of course, are smooth curves and even mono-
tonically increasing for crustal depths.

Of similar uncertainties as the geotherms are the melting point curves
0(z). They are a function of material, pressure, and saturation with liquids.
The material of the upper crust and the upper mantle seems to be known
fairly well on the basis of deep seismic sounding; the p—T relationship of
melting points of different materials under various saturation conditions
has been investigated in the laboratory by a large number of authors
(Wyllie and Tuttle, 1960; Yoder and Tilley, 1962; Kushiro, 1968; Ring-
wood, 1969; Green and Ringwood, 1970; Wyllie, 1971; Ito and Kennedy
1971).

Fig. 2 shows the geotherms of characteristic areas together with melting
zones of some natural rocks with water included. The melting point curve
of granitic rocks crosses the geotherm of the Alps at about 20 km depth,
that of gabbroic rocks between 30 and 40 km. These depths are still inside
the crust of the Central Alps (= CA), i. e. above the Moho, indicated as Mon
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Fig. 2. Geotherms 7(a) and Melting Points 9(a)

Sh = T(‚z) function of Shield areas (Ringwood, 1969)
O = T(z) function of Oceanic areas (Ringwood, 1969)
NA = T(a:) function of the Northern Alps (Buntebarth, 1973)
CA = 7(3) function of the Central Alps (Buntebarth, 1973)
M = Mohorovicic Discontinuity
gr = (9(a) of granitic rocks
gb = 6(a) of gabbroic rocks
Py = (9(a) of pyroxenitic rocks
01 = 9(2) of olivin
(after W'yllie and Tuttle (1960) and Yoder and Tilley (1956)

the geotherms. For the other regions an intersection between melting point-
and geotherm will not take place in realityr as granitic or gabbroie material
most probably do not reach these depths. Figs. 3 and 4 show more recent
investigations on the gabbro—eclogite and on the peridotite transitions.

In addition to the geotherms from Fig. 2,r the wet solidus curve (z W'S)
and the dry solidus curve (2 D8) are shown. From these data of Ito and
Kennedy (1971) (Fig. 3) no gabbroie rock. should exist in the deeper
continental crust. The geotherms CA and NA both cross a large zone where
only garnet granulite and hornblende can exist, materials, which have turned
out to be stable in this p——T region. A transition to eclogite could onlyr
happen for very deep Mohos, as for instance for the CAacurve (see Fig. 3).
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Fig. 3. Geotherms T(a) and Phase Relationship for Gabbro (Ito and Kennedy,
1971; Wyllie, 1971)

Sh DS = Dry Solidus
O G + H 2 Gabbro + Hornblende
NA see Fig. 2 GA GR + H = Garnet Granulite + Hornblende
CA PL EC + I-I = Plagioclase Eclogite + Hornblende
M EC + I-I = Eclogite + Hornblende
W8 = Wet Solidus

According to this diagram all other geotherms are not compatible with an
eclogitic upper mantle. Gabbroic rock, from these investigations, can only
occur at shallow depth where the reaction velocity between the solid phases
is very slow. The transition zones between the solid phases according to
Ito and Kennedy (1971) are smaller than those of Ringwood (1969). In
contrast to these rather strong phase and density changes of gabbroic
material those of peridotitic rock (Fig. 4) are comparabl}r smooth and do
not show much changes. So, peridotitic material is compatible with all
geotherms. An intersection between geotherm and melting curve does not
occur before depths of more than 80 km are reached. As melting point—
depth curves strongly depend on the material they do in general not increase
monotonically.

In order to come to an estimation on the efl‘ective Viscosity the ratio
between the melting point curve 0(a) and the geotherms T(z) has been
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Fig. 4. Geotherms T(e) and Phase Relationship for Peridotite (Green and Ring-
wood, 1970, Kushiro et 51]., 1968)

Sh W8 = W’et Solidus PI. PE =2 Plagioclase Peridotite
O DS = Dry Solidus PY PE. = Pyroxene Peridotite
NA see Fig. 2 GA PE = Garnet Peridotite
CA
M

plotted in Figs. 5 and 6. Always the wet solidus curves of Fig. 2, 3 and 4
have been taken for 9(a) in order to have the same reference curve. Wet
granitic material is assumed for the upper part of continental crusts, gab-
broic material for the whole oceanic crust. In the deeper part of continental
crusts two possibilities with regard to the material have been taken into
account, and for the upper mantle pyroxenitic peridotite has been assumed.

In accordance with formulas (5), (4) and (3) also values of the effective
viscosity have been calculated for a constant creep rate of é=10—1fisec‘1.
These obtained values of ñ are labelled in the diagrams of Figs. 5 and 6
together with (9/ T. The stress which is necessary to obtain a constant creep
rate will, of course, be much larger in zones of higher viscosity (and higher
6/17" values) than in zones of viscosity minima. Because always the wet
solidus for Q was used as a reference curve the indicated values of: fi should
be considered as the lower limit of Viscosity values.
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For the northern boundary of the Alps and most probably for the bulk
of Western and Central Europe two minima of the Q/T curves are found:
The}I are at around 18 and around 29 km depths. See Fig. 5. Comparing
these curves with velocity-depth curves of Fig. l, the upper viscosity
minimum agrees with a zone of rather constant or decreasing velocity
in the upper and middle part of European crusts, the lower minimum
coincides with the — probably laminated — transition zone between crust
and mantle.

In contrast to continental areas the Q/T curve for oceans shows only
one very weak minimum at the base of the crust and remains at a large
distance from 1, indicating a very high viscosity for crust and uppermost
mantle. Shield areas, Fig. 6, with their low temperatures show a still higher
viscosity and again two minima of the viscosity-depth curves.

Here the transition from sialic to gabbroic material is at rather shallow
depth and seems to be different in various shield areas. For the Central Alps
also two minima of Q/T are found, the upper one here around 22 km depth
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with a possibility for melting if wet granitic material is present at these
depths. If wet gabbro should exist in the lower part of the Central Alps an
extensive melting zone would be present. But according to data from
Ringwood (1969) and Ito and Kennedy (1971) this seems rather improbable.
The upper viscosity minimum in the Alps agrees with a pronounced low
velocity zone between 18 and 28 km, the lower zone with a rather large
transition zone between crust and mantle. It should be stressed that these
two minima appear at all continental crusts as long as there is a definite
differentiation into a predominantly granitic, a more basic lower crust,
and an ultrabasic mantle resulting in steps of the melting point curve and
hence in the ratio Q/T.

In Fig. 7 different symbols for ñ have been plotted along the velocity—
depth curves of Fig. 1, indicating different viscosity values for the four
areas under consideration. Low velocity zones seem to coincide with low
viscosity zones. In agreement with this concept extended and pronounced
low velocity zones in the European crust so far have been detected with
certainty only in the Alps and not in the adjacent shelf, shield, or oceanic
regions.
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O = Ocean Floor
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CA = Central Alps

On the basis of gravity calculations and stabilit;r considerations it is
quite probable that even in the Central Alps no large zones of complete
melting will exist because the saturation with volatile liquid may not be
complete. Certainly, however, the first and the second minimum of the
9/ T—curve will be present. If in some zones complete melting would take
place the velocity of compressional waves in this zone would decrease to
that of shear waves in the corresponding cool and solid material:

V;- = [(11 —|— 2 gun/9F + (xi/g)i for p + 0 (VP in melts) (7)

As in solids: ‚ISO mg” and V50 =(fa/Q)"i Æ (}./9)"“ it follows that:

V? w V55? as (Via/3*) assuming 2.30 as ‚I’m (8)
Â, lu = Lames constants

Q = density
V3753 = compress. velocity in melt
V}? = compress. velocity in solid
VÊÈÜ = shear velocity in solid

From (8) we may conclude that velocities of granitic material with
VÊP=6 km/s cannot have values lower than V“*}â€=3.5 km/s; velocities
of gabbro or granulite with V30 = 7 km/s should not show velocities lower
than V3336 = 4 km/s for a melting zone. From seismic evidence in the Central
Alps in some parts average velocities below 5 ltm/s have been found
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(Giese, 1968; Meissner, 1968), so that limited zones — possibly laminated —-
of velocities around 4 km/s are quite probable. Hence, also viscosities in
these zones should be extremely low.

4. Conseqnence: for Lateral Mone/nentc at Adjacent Plate Bonna’arz'e:
(Continental and Oceanic Type)

From the viscosity-depth curves of Figs. 5 and 6 interesting clues
may be obtained for areas where oceanic and continental units come to-
gether. Even without lateral compression adjacent units of crustal and
uppermost mantle down to 80—100 km -— now to be called: the upper part
of plates — may show tendencies of lateral movements as pressure differences
up to about 1 kbar may be present. Assuming two columns of upper oceanic
and upper continental plate as represented by the curves 0 and NA in
previous figures, a curve of pressure differences versus depth may be
obtained using the following formula

APO—o = 3(29ihi — ZQihi) 95,17,; = density and depth inter- (9)
c ° vals

11130-0 = pressure difference be-
tween continental and oce-
anic plate

In Fig. 8 left two adjacent density columns and a Ap versus z — graph
are presented.

The Ap(z)-curve shows a maximum at about 5 km depth and positive
Ap values from zero down to about 30 km depth. At these depth intervals
there should be a tendency for continental areas to move or creep against
its oceanic neighbour, a process which may be obscured by a sedimentary
movement from continent to ocean because of erosion. From about 30 km
downward small negative Ap values are found as here the cooler and more
viscous oceanic plate is denser than the continental one. It should be noted
that adjacent continental and oceanic plates, not separated by large shelf
areas, would show some gravity maximum at the continental and a minimum
at the oceanic side of their boundary although both areas may be in iso-
static balance.

It seems possible that pressure differences, as shown in Fig. 8left, may
initiate or at least support those lateral movements which are observed at
subduction zones. Stacey (1969) supposes that steady state creep plays
a major role for depths larger than 10—15 km. This depth range according
to Figs. 5 and 8 right is characterized by the largest viscosity differences. If
lateral compression is applied to this system faulting and folding should
start at the more viscous parts, i.e. in the uppermost parts of crust and
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Jeff: Density distribution 9(a) and difference of hydrostatic pressure 41p between
continental and oceanic areas

right: Viscosity structure and difference in viscosity AGENT) between oceanic and
continental areas

mantle. Creep should occur in the low viscosity regions of the crust (and —
DE course — in the astenosphere), as indicated in Fig. 9, top. With the
development DE stronger compressional movements there should always
be a tendency that pieces or lamellas from the cold, rigid, and viscous
uppermost part DE the oceanic plate intrude and get incorporated into the
softer and less viscous parts DE the continental lower crust. See Fig. 9, bottom.
Especially parts DE the viscous oceanic transition zone crust-mantle will
stick together and will be transferred to the softer and increasingly thicker
and warmer granitic continental crust. This means that definitely not the
whole oceanic plate moves below the whole continental plate, especially,
as the upper part DE the rigid oceanic crust and mantle is at the same depth
as the weak continental crust. Large intrusions which are dynamicallyi
pressed into the softer crusts DE the developing orogeny must cause large
gravitv highs. This process may be the reason for the forming DE the 5000
km long belts DE strong positive gravity anomalies in the western part
of the findes, the gravity high DE the Ivrea Body in the Alps, and other
similar anomalies near plate boundaries. During the process DE compression
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a forming of horsts, overthrusting, and even the appearance of peridotitic
(and gabbroic) spans from the mantle on the surface may take place while
in the area of the trench sedimentation with normal faulting should pre-
dominate. As a further consequence of this concept, a faulting or peeling
DE the uppermost, viscous part DE the (formerly) oceanic mantle should
lead to an enhancement of lamellas or lenses connected with the Moho
boundary. Also, several Mohos may develope by this process which may
be stable for very long times.

Conclusion:

Certainly, the ratio DE melting point to temperature as a funtion DE
depth can not be determined uniquely. The largest uncertainty ma},r be the
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rather unknown saturation of crustal rocks with volatile liquids. The
generally decreasing water content with depth eHects mainly the melting
point curves so that for larger depth the dry solidus curve should be a better
approximation to the true conditions. This would increase the 0/T ratio
and the viscosity values. Investigations of specific areas making some
assumption regarding the decreasing saturation with liquids will be per-
formed in the near future. In this respect the present study should only be
considered as a first attempt to obtain the range of possible crustal viscosity
values.

It should again be mentioned that steps in the melting point-depth curves
will always happen at chemical boundaries inside the upper part of plates.
These steps necessarily lead to steps and relative minima in viscosity and,
hence, to a higher creep rate in these zones if stress is applied. Also the
difference in viscosity between two adjacent geotectonic units will not be
much different when using dry solidus instead of wet solidus curves.
The geotectonic consequences will not be altered. When looking for zones
of enhanced creep, deformation, and possibly for a decoupling between
layers of different depth those zones of reduced viscosity (and velocity)
have to be found.

It has been shown that the well known and much discussed features
of plate tectonics at continental margins may be supplemented by a number
of processes which are the result of a different physical status of adjacent
but different upper parts of continental and oceanic plates. Their different
material and temperature, their different viscosity and hydrostatic pressure
have been estimated. The difference in viscosity seems to be the most
important reason for a number of features which are observed at subduction
zones and are consequences of this concept. As mentioned before, large
intrusions of viscous lamellas of the oceanic upper mantle intrude less
viscous layers of continental crusts and may lead to a number of observed
features such as

i. gravity highs behind trenches
ii. peridotitic and gabbroic outcrops at the surface
iii. uplift and forming of horsts
iiii. appearence of double or several Mohos, increase of lamella-

tn.

Possibly, a gap in seismicity should be observed in the lower crust or
in zones of low viscosity. As has been mentioned, possibly also a more or
less pronounced decoupling between uppermost crust and uppermost
mantle takes place in low viscosity zones. This may explain the offset of
some mountain roots against their maximum of elevation. It may also play
a role for the removing of old roots when mountain ranges erode after the
process of compression and subduction has ceased.
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The correlation between viscosity and velocity will be extended to more
characteristic crustal structures. Especially values of VS/ Vp seem to corre-
late favourably with the effective viscosity. Results from these studies will
be tested by high pressure — high temperature investigations with the
specific goal to obtain more exact velocity and viscosity values in the
vicinity of melting points. These data should further substantiate our con—
cept of viscosity differences and their influence on geodynamical processes.
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Die Magnetisierung von Bohrkernen aus
einem Serpentinit-Vorkommen bei Erbendorf (Oberpfalz)
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The Magnetization of Core Samples from a Serpentinite
near Erbendorf (Oberpfalz)

Abstract. Natural induced and remanent magnetization and inclination of
cores from drillings (max. depth 190 m) in a serpentinite have been measured.
The absolute value of the magnetization is very scattered or vanishes in large
parts of the serpentinite. The average Q value is 1,9. The inclination (average
+ 76°) is not significantly different from the inclination of the Earth’s field. No
systematic variation of the measured parameters with depth were found. There
is also no large difference for the mean values from surface samples and core
samples.

Key words: Rockmagnetism — Natural Magnetization - Serpentinite ~—
Core Samples.

Zummmenfammg. An Bohrkern-Proben von einem Serpentinit-Vorkommen
(max. 190 m Tiefe) wurde die induzierte und natürliche remanente Magnetisie-
rung und die Inklination gemessen. Die Magnetisierung schwankt dem Betrage
nach sehr stark oder ist auch für größere Zonen im Serpentinit praktisch null.
Der Q-Faktor ist im Mittel 1,9, die Inklination der remanenten Magnetisierung
ist mit +76° nicht signifikant verschieden von der Inklination des Erdfeldes.
Eine systematische Tiefenabhängigkeit der gemessenen Daten besteht nicht. Es
besteht auch kein wesentlicher Unterschied zu den Daten von Oberflächen-Proben.

Einleitung

Die natürliche remanente und induzierte Magnetisierung von Serpen-
tinit wird hauptsächlich durch den Gehalt von einigen Volumenprozent
Magnetit verursacht. Die Verteilung des Magnetits im Serpentinit ist meist
sehr unregelmäßig, so daß seine Magnetisierung außerordentlich inhomo-
gen sein kann. Um einen representativen Wert für die mittlere Magnet)"
sierung eines Serpentinit-Körpers zu erhalten, ist deshalb die Vermessung
einer größeren Anzahl von Proben erforderlich. Meist lassen sich aber nur
Proben von der Nähe der Oberfläche des Serpentinit—Körpers entnehmen,
so daß möglicherweise der Körper in der Tiefe eine wesentlich andere mitt—
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lere Magnetisierung hat, was z. B. bei der Berechnung des Körpers aus dem
Störfeld V011 Wichtigkeit ist. -— In dieser Arbeit wird über die induzierte
und remanente Magnetisierung von Bohrkernen aus bis zu 190 m Tiefe
berichtet, die V011 einem Serpentinitvorkommen NE von Erbendorf
(Oberpfalz) stammen. Hess (1964, siehe auch Angenheister, 1973) hat die
induzierte und remanente Magnetisierung des Serpentinit—Vorkommens
NE von Erbendorf (in das auch die Bohrungen niedergebracht wurden)
an Hand V011 Proben bestimmt, die nahe der Oberfläche des Serpentinits
entnommen worden waren. Außerdem hat Hess das Störfeld des Serpen-
tinits in AZ vermessen und die Form des Serpentinits berechnet.

139“9° M.
D

T Tertiüre Sediment
M Mesozoikum
G Granit
R Redwizit ‚ , T
S Serpentinit '- \Pr es: T
Pr Prnsinit - - i ' . . -.
Ph Phyllit ".G” -Fri’i”dmf ‚um: et æ *
Gn Gnels .‚ . . .-

' T
ruABJC Bohrungen ‚ 1km_‘ ‚. G.

Abb. 1. Überblick über die Serpentinit-Vorkommen bei Erbendorf und Lokalität
der Bohrungen A, B und C (aus Hess, 1964)

Die geologische Übersichtskarte (Abb. 1) zeigt die Serpentinit-Vorkom-
men bei Erbendorf. Sie liegen in einer Störungszone südöstlich des Fichtelq-
gebirgssattels einige Kilometer östlich der Fräukischen Linie.

Unter dem Serpentinit—Vorkommen NE V011 Erbendorf, in das die
Bohrungen niedergebracht wurden (siehe Abb. 1), liegt ein Granit, der
jünger ist als der Serpentinit. Nach Matthes (1971) können Teile des Ser—
pentinit-Körpers bei der Intrusion des Granits auf eine Temperatur ober-
halb der Curie—Temperatur des Magnetits (ca. 580 C"(3) erwärmt worden sein,
so daß es zur Bildung einer thermoremanenten Magnetisierung gekommen
sein könnte. —— Es ist allerdings nicht bekannt, wie sich eine thermorema-
nente Magnetisierung auf die magnetischen Daten des Serpentinits 3.1154
wirkt. HinZu kommt, daß nur unklare Vorstellungen über die Entstehung
einer remanenten Magnetisierung von (nicht aufgeheiztem) Serpentinit
bestehen. Möglicherweise handelt es sich um eine chemische Remanenz
(Angenheister, 1973).
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fling/J’ergebm‘fla

Die Lokalitäten der Bohrungen sind aus Abb. 1 ersichtlich. Bohrung A
war 45 m tief, in 31,6 m Tiefe (von der Oberfläche) wurde der unter dem
Serpentinit liegende Granit erreicht. Bohrung B war 84 m tief und in 71 m
wurde der Granit erreicht mit Einschüben von Gabbro (einigen 10 cm) in
56,5 und 59,2 m Tiefe. Bohrung C war 189 m tief, der Granit wurde nicht
erreicht. In allen Bohrungen finden sich mehrere Einschübe von Granit im
Serpentinit.

Die Bohrungen wurden sämtlich gekernt. Die natürliche remanente
Magnetisierung fin, deren Inklination i und die induzierte Magnetisierung
(gemessen in einem Feld von ca. 0,2 Oe) wurden mit der Förstersonde an
ausgewählten Bohrkern-Proben von etwa 1 m Abstand für alle drei Boh-
rungen gemessen, insgesamt an 305 Proben. Die Ergebnisse sind in Abb.
2, 3 und 4 in Abhängigkeit von der Teufe dargestellt. ‘Wiedergegeben ist

Jn—r i—a» 0.—}

Do , 140'211 2 50‘: „510° 0 . 4 _ >10
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Abb. 2. Bohrung A. jn = [jml —|— Ijind[:pauschal0 Magnetisierung, z': Inklinanon
I I a fi

fi
I l- I

der remanenten Magnetmerung ft = ljrnl/ljindal gestrlchelte Linie: Grenze
zwischen Serpentinit und Granit
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Abb. 3. Bohrung B. Legende siehe Abb. 2. Die zwei stark magnetisierten Proben
in 56,5 und 59,2 m Tiefe bestehen aus Gabbro
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Abb. 4. Bohrung C. Legende siehe Abb. 2.

_ _ _ *9- "ü? "——3- -—)' _ _ ,die pauschale Magnetisierung jn :jm + find (find 1m Erdfeld 1ndu21erte
Magnetisierung), die Inklination z' der natürlichen remanenten Magnetisie—
rung und der Q—Faktor, Q = [ET/Um. Da nach Hess (1964) die Richtung
der rcmanenten Magnetisierung nicht erheblich von der Richtung des

m} -—-> —)»
heutigen Erdfeldes abweicht, gilt Uni æ Urnl + Urne]. — In den Fällen
wo Q den Wert 10 übersteigt, konnte Q mit dem angewendeten McB-
verfahren nicht bestimmt werden; in den Abbildungen ist dann ein
Meßpunkt bei Q > 10 angegeben.

Die Mittelwerte für die einzelnen Bohrungen und zum Vergleich die
Mittelwerte der Oberflächen-Proben nach Hess (1964) sind in Tab. 1
zusammengestellt. Die mittlere pauschale Magnetisierung (wichtig für eine
Körperberechnung) wurde durch Mittelwertbildung über alle Serpentinit-
Proben (also auch solche die keine meßbare Magnetisierung haben) erhal-
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1ten aus jn =
zmax

N
iv AzN mit N Zahl der Proben, zmax Gesamt-

1
mächtigkeit des Serpentinits, AzN Länge eines N-ten Kernstückes, von
dem jeweils eine Probe gemessen wurde. Für dieses Kernstück wurde eine
konstante Magnetisierung .[nN (nämlich die der daraus stammenden Probe)
angenommen.

Für die Berechnung der Mittelwerte—[72, Qund surden die Einzelwerte
gleich bewichtet, für E nur Proben mit fin z 10 '10-5 G, für Q nur
Q < 10, da Proben mit Q > 10 offenbar einer anderen Gruppe angehören.

Diskussion

Auffallend ist für die Magnetisierung, daß Zonen verhältnismäßig
hoher und stark schwankender Magnetisierung mit solchen abwechseln,
deren Magnetisierung fast gleich Null ist. Bei den letzteren handelt es sich
um solche, wo der Serpentinit stark vertalkt ist. -— jm beträgt in einigen
Fällen bis zu 3000 -10'5 G. Ähnliche Werte werden auch an Oberflächen-
Proben gefunden (Hess, 1964). Oberflächen-Proben mit noch wesentlich
höherer remanenten Magnetisierung sind vermutlich blitzschlagmagneti—
siert (Angenheister, 1973).

Für den Q-Faktor ergeben sich zwei Gruppen, in der einen ist Q etwa
2, in der anderen ist Q > 10. Proben mit hohem Q—Faktor sind allerdings
selten. Hinsichtlich der anderen Daten fallen diese Proben nicht aus den
übrigen heraus. Proben mit Q > 10 werden auch an der Oberfläche gefun—
den. —- Eine systematische Tiefenabhängigkeit der Daten in Abb. 2——4 ist
nicht zu erkennen. Allerdings liegen die Mittelwerte für fin und f7; aus
Bohrung C deutlich über denen aus den Bohrungen A und B.

Die Mittelwerte der Proben aus allen drei Bohrungen für die remanente
Magnetisierung, demQ-Faktor und der Inklination unterscheiden sich nicht
erheblich von den entsprechenden Mittelwerten, die aus Oberflächen—
Proben gewonnen wurden (Tabelle 1). Daraus kann gefolgert werden, daß
sich bei einer genügenden Anzahl von Oberflächen-Proben durchaus repre-
sentative Werte für den gesamten Serpentinit—Körper ergeben.

Mit den bisherigen Untersuchungs-Ergebnissen konnte nicht mit
Sicherheit geklärt werden, ob eine Thermoremanenz im Serpentinit durch
die Granit—Intrusion entstanden ist. Einige Befunde sprechen allerdings
gegen eine (überwiegende) Thermoremanenz. Da eine systematische Tie-
fenabhängigkeit dergemessenen magnetischen Daten nicht gefunden wurde,
ist wahrscheinlich die Magnetisierung in einheitlicher Weise in dem Ser-
pentinit—Körper erzeugt worden. Die magnetischen Daten unterscheiden
sich auch nicht erheblich von denen anderer (nicht aufgeheizter) Serpen-
tinit-Vorkommen (Angenheister, 1973).
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Hess (1964, siehe auch Angenheister, 1973) hat für die Körperberech-
nung des Serpentinit-Vorkommens aus der Anomalie des Erdmagnet—
feldes in Z (vertikale Komponente) eine mittlere pauschale Magnetisierung
von 250 -10—5G angenommen, die im wesentlichen aus dem Maximum
der AZ—Anomalie abgeschätzt wurde. Da diese Magnetisierung geringer ist
als der Mittelwert für die Oberflächen—Proben (siehe Tab. 1), nimmt Hess
an, daß einige Meter unter der Oberfläche im Innern des Serpentinit—Vor—
kommens die Magnetisierung geringer ist (was von verschiedenen Autoren
insbesondere an Basalten gefunden worden ist). Durch die Messungen an
den Bohrloch—Proben wurde diese Annahme aber nicht bestätigt. —— Die
mittlere pauschale Magnetisierung aus Bohrung A und B stimmt mit dem
Wert von Hess gut überein. Dagegen ist7n aus Bohrung C mit 500 '10—5G
um den Faktor 2 größer. Es sei vermerkt, daß die Bohrungen A und B am
Rande des Vorkommens liegen, während Bohrung C im Zentrum liegt
und somit eher einen repräsentativen Wert für die mittlere pauschale Ma—
gnetisierung des Serpentinits liefern kann.

Nach Hess (1964) handelt es sich bei dem Serpentinit-Körper in grober
Näherung um eine mit 25° j: 10° nach SE einfallende Platte mit einer Mäch-
tigkeit von 350 mi100 m. Unter Annahme einer mittleren pauschalen
Magnetisierung von 500 -10—5G (Statt 250 -10—5 G) wäre die Mächtigkeit
der Platte etwa um den Faktor 2 geringer. Es gibt Hinweise von Seiten der
Geologie, daß der Serpentinit—Körper wahrscheinlich diese geringe Mäch—
tigkeit hat (Matthes, persönliche Mitteilung).

Danksagung. Ich danke Herrn Professor Matthes, Mineralogisches Institut
Würzburg, für die Bereitstellung der Serpentinit-Bohrkerne. Herrn Professor
Angenheister danke ich für die Anregung und Unterstützung dieser Arbeit und
Herrn Dr. Hess für die Hilfe bei der Messung.
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Abrz‘mct. The damping of the annual temperature wave down to depths of
20——50 m in some drillholes has been used to estimate the in rim thermal diffusivity
of the rocks, and the wavelength of the annual temperature wave.

Ten estimates yield a value of (4.90:1; 1.80).10"6 m2/s for the in rim thermal
diffusivity of the mineralized crystalline rocks (average 10 percent S) and one
estimate gives a value of 0.63 - 10‘6 m2/s for the glacial overburden. Estimates
of wavelength in individual holes range between 30 and 55 m. Assuming a specific
heat of 800 J/kg. °C and a density of 2700 kg/m3 for the mineralized rocks in
question, their in situ thermal conductivity is estimated as 10.6 W/rn. °C. This
relatively high value may be due to sulphide impregnation. A mean value for the
phase velocity of the annual thermal wave in the rocks under consideration is
0.11 m/day.

Key words: Thermal Diffusivity —— Ore-Bearing Rocks — Temperature

7. Introduction

Investigations into the possibilities of developing the geothermal
method for ore prospecting have been underway at the Boliden COmpany,
Sweden for a long time. A large number of temperature measurements
were made in the Skellefte ore field in relatively shallow holes (reaching
depths of about 100 m) as early as 1949—1950 and this work has now been
extended to drillholes reaching vertical depths of 700 m and more below
ground surface. While a discussion of these measurements from the heat-
flow point of view is planned to appear in a separate paper, the object of
the present paper is to report some estimates of the in rim thermal diffusivity
of rocks made during the course of the above work by using the annual
temperature variation. Other related information obtained in the study
reported here includes the wavelength and the phase velocity of the annual
temperature wave.

Very few in rim geothermal parameter determinations have been hitherto
reported in the literature.
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2. Thenry

As the basic theory behind the procedure used here is simple and well
known it is only briefly recapitulated below.

If the flat surface of a semi—infinite, homogeneous earth, throughout
which the undisturbed temperature is Ts, be subject to a sinusoidal tempe-
rature variation V1 cos (2 art/P) of period P and amplitude V1, the varia-
tion penetrates the medium as a damped thermal wave. The temperature
can be shown to be a periodic function of t and the depth z, given by (see,
for example, Ingersoll and Zobell, 1948, p. 45):

276 t z
T—Ts+V1€XP(———Â—Z)COSZ?I(Î5—-Â—) (1)

where Â, the wavelength, is related to the thermal diffusivity (or) of the
medium by the equation

z=2mamè (æ
Further, the diffusivity, thermal conductivity (k), the specific heat (6) and
the density (9) are related by the equation

kzaw w
T8 in Eq. (1) is also the mean temperature of the surface over one period

SI units will be used throughout in this paper. Thus oc is expressed
in mz/s, c in J/kg.°C, g in kg/m3 and Æ in W/m.°C. The conversion to c. g. 5
units, adopting 4.18 J as the mechanical equivalent of one calorie, is as
follows:

oc m’a/s = 104cc cm2/s
c J/kg.°C = 02392.10—3 c cal/g.°C
e kg/m3 = 10—39 g/Cm3
Æ W/m.°C = 02392.10’2/é cal/cm.s.°C

It should be noted here that, in general, there should be an additional
term C(z) z on the right—hand side of Eq. (1), representing the “geo-
thermal” variation of temperature with depth z. If C(z) is constant the
observed temperatures may be replaced by TobS—C.z for calculating
purposes.

In general, however C may vary with depth, depending upon the
thermal history of the area, and calculations such as the ones in this paper
cannot be validly made unless the function C(z) can be determined. In the
Skellefte district of N. Sweden, the annual temperature variation is super-
imposed on a general temperature-depth trend as shown in Fig. 1, from
which we see that the steady thermal gradient is not constant at shallow
depths. This is the result of past climatic changes, a topic which will be
dealt with in the separate paper referred to above, but for our present
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Fig. 1. Typical temperature—depth curve in the Skellefte field, N. Sweden

purpose it is sufficient to note that the main trend suggests that the steady
thermal gradient is almost zero for depths upto about 50 m. That this is
the case has been checked for all holes included in the study reported
below. Therefore Eq. (1) may be used in the present case as it stands.

The penetration depth, that is, the depth at which the amplitude of the
sinusoidal variation of period P falls to 1/e of its surface value, is

d = 2/2 a = (a: may (4)
Putting or = 2.10—6 1113/5, a reasonable order of magnitude for the thermal

diffusivity of rocks, and P : 864005 (1 day) we find d:0.24 m. At a depth
of 10d the amplitude due to diurnal variation is V1 exp(—10) or approxim—
ately 4.5.10—5V1. It follows that the temperature at depths greater than,
say, 2.5 m, will not be affected to a measurable degree by the diurnal varia«
tion, even if the surface amplitude V1 is as large as 50 C’C. For the annual
temperature variation (P231536 X1055) we get (1:459 m. In this case
even for V1 as small as 3 CC, the amplitude of the temperature variation at
depths as much as 23 m (5 a’) will still be about 0.02 DC, that is, well above
the accuracy with which temperature differences can be measured in drills
holes.

By taking P21 year, and choosing suitable values of TS, V1, 2. and 2‘,
we can fit the measured temperatures between the depths, say, 5 and 50 m
in a drillhole (the zone where the annual temperature variation is measurable
and the diurnal negligible) to an expression of the type (1). If the fit is
sufficiently good we can obtain an estimate of the in sin; thermal diffusivity
from Eq. (2). It will be seen below that very accurate fits between the ob-
served temperatures and those calculated from Eq. (1) are possible in
practice.
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3. Tbe Drill/Joies

The 8 holes used for diffusivity estimates are all in the Skellefte ore
field in N. Sweden (approx. 65°N 20°EGr). They penetrate through a
moderate thickness of glacial moraine (minimum 2 m and maximum 25 m)
into the precambrian rock, either ore-bearing sericite-quartzite, as in 6 of
the holes, or black shales and graywackes (2 holes). The holes are in some
cases drilled to considerable depths (one of them to a depth of 700 m below
ground surface) but only the measurements in the upper parts (to depths
of 20—50 m depending upon the hole) are of relevance in this paper.

All the holes are slant holes, five of them drilled at an angle of 50°,
one at 55° and two at 80° with the horizontal. The holes are cased in moraine
but not in the bedrock. The strength of the precambrian rock in Sweden
is such that drillholes in it generally remain open and unimpaired for a
long time.

The diameter of the holes is 52 mm in the moraine and 33 mm or less
in the bedrock. The holes are entirely water filled from the groundwater
level, which is only a few metres below surface, down to the bottom
of each hole. The water in the holes is still and undisturbed and its tempera-
ture can safely be taken to be the local temperature of the surrounding
rock. In some holes (but not in any of the measurements treated in this
paper) there can sometimes be a movement of water through bedrock
fissures cutting the hole. Such cases are generally easy to recognize owing
to the locally erratic temperature readings to which the water movement
gives rise.

The ground in the area is frozen during each winter to a depth of about
1—2 m, forming a layer locally known as “tjäle”, which thaws each spring.
The effect of the frozen layer is to blanket the ground below, screening
it from the severe extremes of air temperature during the winter. The
upper decimetres of the moraine form a loose, porous layer that also acts
more or less like a screen during the spring, summer and autumn months.

The result is that whereas the mean annual temperature of the air
immediately above the ground surface varies by as much as 40——50 °C‚
the temperature variation a couple of metres below the surface is only a
few degrees. This will also be evident from the calculations presented later.
The mean annual temperature of the ground in the area is slightly less than
4 °C.

4. Tbe Measurement:

Some of the measurements treated here were made in 1950 under the
supervision of D. Malmqvist but have not been analyzed from the point
of view of this paper previously. Other measurements were made more
recently (summer 1973) under the author’s supervision.



|00097||

Thermal DiHusivity of Rocks from Annual Temperature Wave 87

The 1950 measurements were made using resistance thermometers and
a Wheatstone bridge. The absolute accuracy of the temperature measure-
ments in this case was not better than 0.1 °C but the relative accuracy,
which is of primary interest here, was about 0.01 °C although perhaps not
as high as 0.005 °C.

The 1973 measurements were made using a thermistor (FS 23 B) mounted
and sealed by means of O—rings in a rod of brass, about 25 cm long and
about 10 mm in overall diameter, at the end of a 4-conductor cable. The
thermistor was the unknown resistance in one arm of a Wheatstone bridge.
The rod—thermistor probe was placed in a water bath in close contact with
a Hewlett—Packard oceanographic quartz temperature probe (model 2800A),
and the bridge readings were calibrated against the readings of the Hewlett-
Packard thermometer. The HP thermometer utilizes the effect that the
piezoelectric frequency of a suitably cut quartz crystal is temperature-
dependent. The thermometer is a direct-reading one and has been calibrated
against a platinum thermometer by the manufacturers.

A least—squares polynomial of the type T=a+ bR—l— cR2+dR3, where
T is the temperature and R the resistance reading, was found to fit the
calibration measurements within 0.003 °C.

Although the accuracy of a single temperature measurement with the
thermistor arrangement is better than 0,005 °C, the overall relative accuracy
of the 1973 measurements, as shown by some repeat measurements, has
been about 0.01 °C, that is, approximately the same as in the 1950 measure-
ments. However, the absolute accuracy is now considerably better, being
also about 0.01 °C.

The heat capacity of the brass rod-thermistor combination is sufficiently
small for the final reading to be obtained within less than half a minute
after the probe is in place in a water—filled hole. In the upper few metres
of a hole, where there is only air, the readings are unstable owing to the
poor thermal contact between the probe and the surrounding. The water
level is indicated very clearly as one lowers the probe in the hole, since the
readings become immediately stable when the probe enters water.

The measured temperatures in the various holes are shown in Figs.
2—8 by open circles. The x-coordinate in these figures is the distance along
the hole but in applying Eq. (1), of course, the vertical depth has been used.
Measurements in nearby holes suggest that horizontal variations in the
temperature, at the short distances of relevance here, are not so large as to
alter the estimates reported below.

5. Thermal Estimate:

The best estimates of the parameters Ts, V1, ô (= 2 all) and e (= 2 m‘]P)
for each hole are to be made by minimizing the sum
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2(Tobs -— Ts —— V1 exp(———6z) cos (8 ——— ô z))2

where Tobs is the observed temperature. The procedure for least-squares
adjustment when the parameters to be adjusted are not linearly related is
well known (see, for example, Newcomb, 1960). Its outline for the present
case is as follows.

Let 8:80—1— A8, özöo—l—Aö, V1: VO+AV, TszTo—l—AÖ where
so, 60, V0, T0 are suitably estimated initial approximations and A8, Aö, A V
and A6 are the corrections sought.

By Taylor’s theorem,

T— T(ao,ôO,V0,T0)=Ae——+Aô%—ö+AVäa—_5‚1+Aa.g_T

where the derivatives are evaluated at so, 60, V0, T0. The difference A T:
T—T(80, ôO, V0, T0) is thus a linear function of A8, A ô, A V and A0 and
minimizing

Z A T2

we obtain the normal equations to be solved for A8, AÖ, A V, A6. These are

(same + (ZabMô + (280A V + (23mm = (Za)AT
Zba 2192 Zbc Elad = 2b

Em 28b 282 Zed = 28
Eda Zdb Eda Edz = Ed

where
a = -—— V0 exp(——ô0 z) sin (80 — ÖO z)
b = V0 VË z exp (——ô0 z) sin (80 —- ôo z —- (vu/4))
c = exp (———ô0 z) cos (80 -—— ôo z)
d = 1

It remains therefore to choose suitable initial approximations so, 60,
V0, T0.

T0 can be chosen by inspection as the constant temperature towards
which the values tend at “large” depths. Similarly, V0 can be chosen by an
inspection of the principal oscillation in the observed curve while in
choosing (50 and 80 we note the following.

Differentiating Eq. (1) with respect to z it is easily shown that if zl
is the depth of the first extremum in the T-—z curve and 22 the depth of the
first inflection point, then
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Fig. 2. Measured temperatures (open circles) and least—squares calculated curves
(continuous lines) in borehole Àkulla 14

Hence, Ä = 8(32—21) and r/P 2.32/8(.3'3—.31) giving us n/4(2:2—zl) and
nag/4(znj) as the initial approximations (30 and en respectively.

Figs. 2——8 show the least-squares adjusted values of T5, V1, Ö and e,
and the temperature curves calculated according to Eq. (1) (continuous
line).

It will be seen that except for borehole Àkulla 42, measurement of
1950m05—u20 (Fig. 6) the agreement between the observed and the calculated
temperatures is excellent. The measurements shown in all the holes, except
Bh Stromfors 6 (Fig. 8), are made in the bedrock. Those in Bh Stromfors
6 are in moraine, the thickness of which is unusuall}r great here, namely,
25 m.

Using Eq. (2) and noting (4) we can estimate the in rim thermal diffusiv-
it}r o: by putting P231536 >< 1055 (:1 year) from the data in the figures.
Table 1 summarizes the estimates obtained.
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Fig. 3. Measured temperatures (open circles) and least—squares calculated curve

(continuous line) in borehole Àkulla 18

Table 1. Borehole data and geothermal estimates

Hole and Angle Over- Ts V1 ô 3. 10%:
Date of burden °C °C m‘1 m mzls
measurement thickness

Akafia 14 50° 9.35 m
1950—01423 3.753 2.500 0.141 44.6 5.02
1950—05~20 3.815 1.795 0.115 54.7 7.55
Akafle 13 50° 12.20 m
1950—05—22 3.631 2.341 0.181 34.7 3.04
ÀÆHÆ: 52 50° 11.14
1950—01—26 3.509 1.871 0.120 52.4 6.91
1950-05—23 3.614 1.610 0.120 52.4 6.91
ÄXam’z'a 36 50° 13.38
1950—05—22 3.485 1.343 0.131 48.0 5.81
Maya 42 50° 9.38
1950—01—23 3.687 3.219 0.172 36.6 3.37
1950—05—20 3.780 1.55 0.205 30.7 2.38
Àkuifa 84 55° 5.96
1950—01—18 3.454 2.771 0.158 39.8 4.00
1950-01—28 3.564 2.723 0.158 39.8 4.00
Sträfifar: 6 80° 25.00
1973—06—28 4.055 10.25 0.398 15.8 0.63
Nybafm 6 80° 2.50 3.426 2.121 0.203 31.0 2.42
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Fig. 6. Measured temperatures (open circles) and least-squares calculated curves
(continuous lines) in borehole Àkulla 42

The Akulla boreholes fall in one geological (geographical) group.
The precambrian bedrock in all of them is sericite~quartzite with sulphide
mineralization while the bedrock in Bh Nyholm 6 is shales and graywackes.
The mean if! rim: diffusivity of the bedrock in the Akulla holes is found to
be (4.90i1.80).10"6 mZ/s.

Estimates of the phase velocity z) (zit/P) of the thermal wave can be
made from the Â values in Table 1 but in four of the Akulla boreholes in
which two temperature measurements separated by 117—120 days have
been made (Figs. 2, 4, 6, 7) it is also possible to make direct estimates by
noting the vertical depth of the temperature maximum in a hole at the time
of each measurements. In table 2 are given the direct as well as the indirect
estimates made from Table 1.

Although the estimates agree in order of magnitude, the direct estimates
systematically give a lower phase velocity. It must be pointed out, however,
that the time of maximum temperature due to the annual wave is not
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Fig. 7. Measured temperatures on two different days in winter (open circles) and
least—squares calculated Curves (continuous lines) in borehole Akulla 84

Table 2. Comparison of direct and indirect estimates
of phase velocity z!

Hole Direct estimate Indirect estimate
m/day m/day

Akulla 18 0.077 0.095
Àkulla 32 0.059 0.144
Àkulla 42 0.071 0.092
Àkulla 14 0.096 0.136

accurately identifiable at any depth because pseudo—periodic cold or warm
spells can shift the actual maximum in time. From this point of view the
direct estimates are not particularly reliable.

The in rim thermal conductivity of rocks can be estimated from Eq. (3)
provided it and g are known. The specific heat of crystalline rocks seems
to vary within the very narrow range of 750/800 J/kg. 0C or 0.18—0.20
c. g.s. units (Clark, 1966).
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Fig. 8. Measured temperatures (open circles) and least-squares calculated curves
(continuous lines) in boreholes Stromfors 6 and Nyholm 6

Taking a value of 800 J/kg. ÜC and using the estimate of 4.90 >< 10"E mzfs
for the in sitar diffusivity, we obtain an estimate of 10.6 W'jm. üC for the
in rim thermal conductivity of the rocks in the Àkulla holes (g = 2700 kg/m3).
This value is almost twice the generally accepted value for quartzitic shield
rocks and ma},r be the result of the sulphide impregnation in the holes.

6. Canclwfam

From a detailed analysis of the annual temperature wave observed in
shallow drillholes it is possible to make estimates of the 3'72 rim thermal
diffusivity of the rocks and the phase velocity of the wave. One finding
of the above investigation that may have an important bearing on the
question of the utility of geothermal measurements for prospecting, at
least in the precambrian shield areas of Sweden, is that the wavelength of
the annual wave in the crystalline rocks is found to be as much as 30—50 m.
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This means that temperature measurements in holes whose depth is of this
order of magnitude cannot be used for geothermal prospecting purposes
unless adequate and accurate corrections for the effect of the annual tem-
perature wave are made.

Thanks are due to Boliden Aktiebolag for permission to publish this paper.
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Abstran‘. The value of geophysical techniques (geoelectric—seismic refraction
techniques) in the field of groundwater exploration in the Lusaka District, Repu—
blic of Zambia, is discussed and documented by some case histories. Aquifers in
schists, limestones, quartzites, at schist-limestone contacts, and at the margins of
intrusive bodies were investigated. Geophysical results are compared with the
results of drilling and the borehole yields.

Key words: Schlumberger Soundings - Seismic Refraction — Groundwater
Exploration.

7. Introduction

Lusaka, the capital of the Republic of Zambia, is situated on the Zam-
bian plateau, some 1280 meters above sea level. The average rainfall is
813 millimeters. Its climate can be divided into three seasons: a rainy season
from November to April, a dry season from May to August, and a hot
season from September to October. Monthly figures of temperature,
relative humidity and rainfall are given in Fig. 1 (Frost, 1971). Much of
Lusaka’s water supply is drawn from groundwater aquifers, although
recently additional supplies have been obtained from the Kafue river, 50 km
south of Lusaka.

Many small plots and farms scattered around Lusaka District produce
vegetables and other essential food stuffs for the City and depend on a
reliable groundwater supply for irrigation purposes. Geophysical explo—
ration methods, although somewhat limited due to the small size of the plots
(1—50 acres) have proved to be an economical tool in borehole siting.

2. Geological Setting
The geology of the area around Lusaka is described by Simpson and

Drysdall (1963) and Smith (1964), and the account below is based largely
on their work.
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Fig. 1. Meteorological Elements of Lusaka

The area described in this paper is underlain entirely by metasediments
of Katanga (late Proterozoic — early Palaeozoic) age, divided by the
abovesnamed authors into three groups: the Chunga Formation, the Cheta
Formation and the Lusaka Dolomite Formation.

The Chunga Formation is a sequence of schists, flaggy psammites and
quartzites with minor calcareous bands. It is apparently the lowest member
of the local Katanga succession, and can be seen to overlie Basement
Complex rocks of Pre-Katanga age to the south of the study area.

The Cheta Formation appears to comprise two schist units and two
calcareous units, although repitition by recumbent folding cannot be ruled
out. Quartzites, quartz-muscovite schists and quartz~muscovite—chlorite
schists are predominant in the schist members, while the calcareous members
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Fig. 2. Geological map of Lusaka Area. Geology after Simpson and Drysdall
(1963) and Smith (1964).

consist mainly of dolomite and dolomitic limestone, with some scapolitic
rocks.

The Lusaka Dolomite Formation apparently overlies both the Chunga
and Cheta Formations, and consists of massive banded grey and white
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dolomitic limestones with minor massive pink dolomite and pure limestone,
and argillaceous partings altered to quartz-muscovite schist.

To the NW of Lusaka, folded metasediments of the Chunga and Cheta
Formations are apparently intruded by an elongate boss of granite, now
foliated, while the Cheta Formation is intruded by a number of small
gabbroic plugs, now marginally affected by regional metamorphism.

The Katanga rocks have been affected by at least two phase of folding.
The first phase resulted in tight recumbent shear-folds, a strong axial-plane
clearage in schistose rocks and tectonic banding in carbonates. Re—folding
tends to obscure the true stratigraphic sequence, and is largely responsible
for the observed outcrop pattern. Faulting is locally important, most
faults separating schist from limestone. A major post-Karroo (post-Permo-
Carboniferous) fault defines the northern margin of the Kafue fault through
in the south of the area.

Superficial deposits are often thick, and are normally characteristic of
the underlying rock-type. Dolomitic limestones are commonly blanketed
by pisolitic laterite, which can infill deep solution hollows in the Karst-
type surface. Schists are covered by up to 30 m of residual weathered ma-
terial, commonly a sandy clay. Quartzites weather to give a quartzy sand
of varying clay content.

3. Geopbysz'ml Met/90d: Used
Geoelectric resistivity and seismic refraction methods have been applied

in the investigation of groundwater aquifers in the Lusaka District.

3.1. Resistivity Measurements

Geoelectric soundings, using the Schlumberger array, are used by the
senior author. The apparent specific resistivity is measured as function of
half the current electrode separation (AB/2) and the resulting “sounding
curve” interpreted by matching with “master curves”.

Although direct interpretation of field curves is possible since the intro-
duction of large computers (Kunetz and Rocroi, 1970), it becomes un-
economical for small—scale surveys of the kind described here. A “Com-
pucorp” desk computer is used only to study the “principle of equivalence”,
applying the “method of decomposition” (Kunetz, 1966), whereas the
interpretation of field curves is done applying Hummel’s method as
introduced by Ebert (1943).

This is sufficient in most cases and errors as to depth determinations are
within 15%, considered to be a tolerable limit. In areas, where sounding
curves are distorted due to lateral effects (i.e. limestone under shallow soil
cover), so that an interpretation using master curves calculated for near
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horizontal layer problems becomes more or less meaningless, “iso-resistivity
maps” are constructed for several current electrode separations AB. Thus
resistivity lows and highs are readily shown up for different depths of
investigation. Only qualitative interpretation is possible and generally
larger areas of low apparent spec. resistivity are most promising for a good
borehole site (see also chapter 4.2). Supplementary seismic refraction meas-
urements across zones of low spec. resistivity are very usefull for the final
siting of a borehole.

3.2. Seismic Refraction Measurements

Seismic refraction methods as supplement to geoelectric resistivity
measurements proved to provide additional information only in areas of
limestone, quartzite and sediments of Karroo age, near Kafue, southwest
of Lusaka. A continuous profiling technique (Barthelmes, 1946) is eX—
clusively used, allowing a detailed study of bedrock velocities and bedrock
irregularities such as solution hollows and fractured zones in limestone.
Interpretation is based on the “plus—minus method” (Hagedorn, 1959),
and done with the help of a desk computer.

A “Huntec FS 3” seismic equipment is employed, using a 5 kg hammer
as energy source (Paterson, 1968).

This equipment proved to be sufficient for geophone lines of up to
120 meters. The geophone array remains fixed and the hammer source is
moved in 2 meter intervals for the first 20 meters and thereafter in 5 meter
intervals. Every “shot” is repeated three times so that signals can be
readily distinguished from noise.

3.3. Geophysical Parameters

Geophysical parameters in the area of investigation vary over a wide
range: from 7—12 ohmmeters (mudstone of Karroo age) to several ten
thousands of ohmmeters (solid, crystallized limestone of Katanga age)
and 180 m/sec (dry loose top soil) to 6400 m/sec (solid, crystallized lime-
stone).

In the Lusaka District, the groundwater potential of a water bearing
horizon cannot be estimated from its true specific resistivity, as it can be
done for certain sediments, like pure gravel, sand etc. (Töpfer, 1972).

This is partly because of the clay content in weathered rock and partly
because of the characters of the groundwater aquifers themselves, i.e.
fissures, cavities in limestone. A collection of geophysical parameters or
rocks, as encountered in the Lusaka District, is given in Table 1.
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Table 1

Rock Type Location Spec. Rexistivity Compr. Velocity

weath. schist Lusaka West 8—100 (2m 800—2000 m/sec
solid schist Lusaka West 100—900 3000
fract. limestone Lusaka West 140—300 2000
solid limestone Lusaka West 500 3000—4500
cryst. limestone Lusaka West 10,000 5000—6200
quartzites Lusaka North 1600—8000 3300
shales Unza, Lusaka 20—50 600—1000
sandstone Kafue 200
(Karroo)
mudstone Kafue 8—12
(Karroo)

4. On the Exploration of Groundwater
in Dzflerem‘ Aquz'fiers Example:

A few case histories, which are typical for the area of investigation, will
give an overall idea of geophysical groundwater exploration in schists,
limestones, quartzites, schist—limestone contacts and contacts between
schist and intrusive bodies. The few examples were selected from a number
of surveys undertaken in the Lusaka District, Fig. 2.

For economic reasons and because of the small size of plots usually
encountered, a geophysical groundwater survey is generally restricted to
5—12 geoelectric soundings (ABM =200—4OO meters) and/or 4 refraction
reverse shots (smax=120 meters). Thus a depth of investigation of ap-
proximately 20—60 meters is achieved, depending on the contrast of geo-
physical parameters in the ground. Near surface layers of relatively high
conductivity screen the current flow and limit therefore the depth of in-
vestigation (Kunetz, 1966).

The achieved depth of investigation is in reasonable agreement with eco-
nomic depths of boreholes for water supply in the Lusaka area.

4.1. Geophysical Investigations in Schists
(Phyllites, Muscovite Schists, Biotite Schists, Quartz Schists)

In many areas, psammites and finer grained schists alternate and weath-
ering may occur down to 30 meters, in some cases 50 meters. Minor ground—
water supply can often be encountered at the interface of alternate layers
within the zone of weathering. These discontinuities are only sometimes
shown up in geoelectric sounding curves (see Fig. 4, sounding no. 2).
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Normally the alternating layers are too thin and the resistivity contrast
too small, to be detected individually.

Thus the whole zone of weathering is usually shown up geoelectrically
as a single macro—anisotropic layer with average resistivities between 8
and 100 ohmmeters. The schists themselves are sometimes regularly
banded so that micro-anisotropy applies as well. Because of micro- and
macro anisotropy, generally only an “apparent thickness” of the weathered
zone can be obtained from geoelectric sounding curves (Maillet, 1947).

The main groundwater supply in schists comes mostly from the lowest
zone of decomposition, i. e. the interface between weathered and more
solid schist, or from the very topmost meters of solid schist, the latter
being indicated by spec. resistivities between 100 and 900 ohmmeters.

Sounding curves obtained in schist are generally very “smooth” and of
type H, QH or KH (Orellana and Mooney, 1966). A selection of typical
sounding curves obtained in schist areas is shown in Fig. 3.

Although the sounding curves are not normally distorted, their inter-
pretation often becomes difficult and is seldom unique because of anisotropy,
poor distinction between curve types (i.e. curve 3 of type QH in Fig. 4
might have been taken for a curve of type H), and the principle of equiv-
alence (Koefoed, 1969). Surprisingly however, errors in depth deter-
mination to solid schist are generally negligible or small. Schists are often
uniform over large areas. The aim of geoelectric investigations in ground-
water exploration in these areas is to determine the depth to solid schist
and boreholes are sited where the weathering is thickest.

Seismic refraction measurements provide little information additional
to that already obtained from resistivity measurements.

The interpretative cross-section of a part of a profile of geoelectrical
soundings, as measured in Lusaka West (site no. 1) is shown in Fig. 4.
Two layers of soil, the uppermost having spec. resistivities of approximately
60 ohmmeters and the lower of about 160 ohmmeters, overlie decomposed
schist with spec. resistivities between 60 and 100 ohmmeters. The solid
schist is shown to have resistivities between 700 and 850 ohmmeters.

Sounding no. 2 had been selected for a borehole site for two reasons:
firstly the zone of weathering is thickest and secondly the weathered schist
appears to be divided into two parts with average spec. resistivities of
60 and 150 ohmmeters, the lower part being more permeable because of a
lower clay content. A borehole was drilled down to 52 meters (on the
request of the owner of the property) and water was struck at 12 meters
(the boundary between the two kinds of weathered schist) the main supply
being at 18—24 meters (within the coarser weathered schist). Pump tests
recorded a yield of 0.9 l/sec (700 gal/h).
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4.2. Geophysical Investigations in Limestones
(Limestones, Dolomitic Limestones, Dolomites)

Dolomitic limestones of Katanga age play the major role in ground—
water supply in the Lusaka District. In fact, Lusaka City obtains its main
water supply from a few large and medium diameter boreholes drilled in
collapse breccias in limestone. Yields of up to 157 l/sec (3 ><106 gal/day)
are reported (Simpson, Drysdall and Lambert, 1963). These large yields
are drawn from large underground drainage systems in enlarged solution
fissures, caverns and collapse breccias.

Yields naturally become smaller in less soluble limestone where fis—
suring is less marked.

Solution hollows in the surface of limestone filled with soil and laterite
are also often good aquifers and are especially suitable for wells.

Geophysical exploration for groundwater in limestones is thus aimed
at locating zones of fissuring and] or solution hollows at the surface. In
many areas around Lusaka, the soil cover above limestone is very shallow
or absent.

Therefore, and also because “horizontal layering” in a geoelectric
sense is absent, sounding curves are generally distorted to a great extent
and the normal interpretation procedure (comparison with master curves)
becomes more or less doubtful. Sounding curves, measured for example
only 50 meters apart from each other along a profile, Fig. 5, as obtained
during a survey in Lusaka West (site no. 2), do not show even an uniform
curve type. However, the total longitudinal conductance of all “layers”
above the high resistive solid limestone can often be estimated from the
final branch of the sounding curve (45° or near 45° slope) (Kunetz, 1966).

Sounding curves become smooth in areas where the soil cover is thick,
or where large solutionhollows exist and the thickness of overburden can
be determined.

The authors undertake geoelectric soundings nevertheless, trying to
cover the whole area of interest as densely as is economically feasable. In
most cases, iso-resistivity maps for different current electrode spacings are
drawn thereafter. These maps can be interpreted qualitatively only, i. e.
zones of low resistivity are more or less precisely located. Resistivity lows
for small current electrode spacings (small depth of investigation) commonly
indicate thick soil cover (i. e. infilled near surface solution hollows) and
resistivity lows for large electrode separation are thought to indicate zones
of fissuring. It becomes obvious that resistivity mapping techniques with
one constant electrode array only, are doubtful in their value.

Boreholes are usually sited where resistivity lows are shown up in iso—
resistivity maps for several electrode spacings.
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Fig. 7. Iso-resistivity map of an area underlain by limestones (AB=150 rn;
MN =20 In; area is the same than in Fig. 6)

An example is taken from a survey undertaken in Lusaka West (site
no. 2). An existing shallow borehole provides little water from the surface
of solid rock beneath a cover of limestone boulders and laterite. Iso-resis—
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tivity maps were drawn for several electrode separations, those for AB = 60
meters and AB :150 meters are shown in Fig. 6 and Fig. 7, respectively.

The main feature apparent from the maps are a large well-defined zone
of high resistivity (5000 ohmmeters) and a small zone of relatively low
resistivity (800—1500 ohmmeters) close to the western boundary of the
plot.

A borehole was drilled in the resistivity low and water was struck at
12 meters, the main supply being between 18 and 28 meters of depth. The
borehole yields 4.2 l/sec (3300 gal/h).

Supplementary seismic refraction measurements are usefull for a detailed
investigation of nearvsurface solution hollows and vertical bands of
fractured limestone. Continuous profiling techniques, as described in
chapter 3.2, are applied. The size of solution hollows is more or less pre-
cisely evaluated by close points of depthetoubedrock determinations, where-
as fracture zones are indicated by zones of low compressional velocity in the
limestone.
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Fig. 8. Apparent spec. resistivity and compressional velocity profiles as measured
over a fractured zone in otherwise solid limestone
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The upper part of Fig. 8 shows an apparent resistivity profile obtained
in a limestone area with little or no soil cover. A low resistivityr anomaly is
shown up in the centre of the profile. To clarify whether this is due to
thickening of soil cover or due to a fractured zone in otherwise more solid
limestone, a refraction profile was run also. The zone of low bedrock
velocity, lower part of Fig. 8, corresponds well with the resistivity low.
Thus a fractured zone in otherwise solid limestone appears most likely.

4.3. Geophysical Investigation of a Schist—Limestone Contact

Good yields have been obtained in contact zones between schist and
limestone, the latter acting as a groundwater barrier. Continuous resistivity
soundings and/or seismic refraction profiling techniques perpendicular to
the assumed strike of the boundary permits its accurate location.

Soundings no. i and no. 2 of Fig. 9 (site no. 3) indicate a highly resistant
bedrock («45Ü slope of the right-hand branch of the curves) interpreted to
be solid limestone whereas the slopes of sounding curves no. 3 and no. 4
clearly indicate a less resistant bedrock, interpreted to be schist.
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Fig. 9. Sounding curves obtained on both sides of a schist —— limestone contact
(curved 1 and 2: bedrock is limestone; curves 3 and 4: bedrock is schist)
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Fig. 10. Interpretative geoelectrical cross-section showing a schist—limestone
contact

The interpretative cross—section is shown in Fig. 10. Two layers of spec.
resistivity of 100 ohmmeters and 300 ohmmeters respectively overlie weath-
ered schist (25—-50 ohmmeters). The bedrock consists of solid limestone
to the left of the fault and of more solid schist to the right.

A borehole drilled in the vicinity of the contact zone passed through
weathered schist and encountered limestone at a depth DE 18 meters. Water
was struck at 18 meters, maximum supply being at 23 meters. The borehole
yields 3.3 l/sec (2700 gal/h).

4.4. Geophysical Investigation of an Intrusive,
Embedded in Schist

Igneous rocks, in the form of intrusives into rocks of the Katanga or
Basement System are not as common in Zambia as they are in other parts
of Southern Africa, and thus play a minor role in groundwater supply.
They act as groundwater barriers; thus good yields can be expected at the
boundary between the intrusive body and adjacent country—rock.

Resistivity methods are well suited to locate intrusives as the resistivity
contrast between intrusives and adjacent country rocks is usually high.
(In many cases, igneous rocks have higher magnetic susceptibilities than the
sediments which they have intruded, so that geomagnetic measurements
might be superior.)
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Fig. 11. Interpretative geoelectrical cross-section showing a small dome-shaped
intrusive body emplaced in schist

A small, dome-shaped intrusive body, believed to be of basic or inter-
mediate composition, emplaced in schist has been encountered during a
survey in Lusaka West (site no. 4).

The interpretative cross-section is shown in Fig. 11. The dome-shaped
mass underlying the plot shows high spec. resistivities in the centre, in-
dicating fresh rock, with a decrease of spec. resistivities towards the margins
being caused by an increase in permeability, following shearing and meta-
morphism.

A borehole was drilled between soundings no. 6 and no. 7, at the margin
of the intrusive body. Water was struck between 15, 26 and 34 meters of
depth, the yielding being 4 l/sec (3200 gal/h).

4.5. Geophysical Investigations in Quartzites

Quartzites are poor aquifers and difficult to drill. In many cases only a
well, dug down to solid quartzite, can be recommended. Water can be
drawn from decomposed material on top of the solid quartzite.

The type of geoelectric sounding curves obtained in areas underlain
by quartzites varies considerable, even at locations close to each other, a
phenomenon believed to be due to large near—surface quartzite boulders.

Geophysical investigations appear to be only of value to determine
the thickness of decomposed rocks above the solid quartzite so that wells
can be recommended where weathering is most intense. As most quartzites
form hills, boreholes, if recommended at all, should be sited at their margins
or in the adjacent valleys, where seasonal recharge will occur.

Resistivity and seismic refraction measurements were done during a
survey in Lusaka North (site no. 5). One sounding curve and one travel—



Geophysical Groundwater Exploration in Zambia 111

5.5. SEIS.
0' ; 7—100“ 350

.... 1 ‘2000—
E _ E, 550
Ct 1000 “‘H—s—o—mfi g 1200

ITQ"? \- 20" f“ 1300‘ too H" à—=»A512 (m) 350
l I l

1 10 100
do, 3200

100-
| .Ëfî-‘T.__-—F

son fer.“
. .ÉOI

.b'h.#f

fi 60“ If
U as .7"
E 40“ a"!

.. K'
Jr 20— .Ä.‘

|
_/‘ —:a- S (m)

0 1 l I l I 1 |

0 ‘IO 20 30 40 50 60 '70 80

Fig. 12. Sounding- and travelstime curves as measured over quartzites

time curve obtained during that survey, are shown in Fig. 12 together
with the interpretative cross—sections. The bedrock, believed to be partly
fissured or decomposed (because of the relatively low compressional veloc-
ity of 3200 m/sec) is only shown up in the seismic cross—section. The layer
with a velocity of 1300 m/sec consists of quartzite boulders and decomposed
rock and it was hoped that groundwater might be drawn from it. However,
a borehole drilled down to 35 meters remainded dry.

5. Conclusive;

Different rock types in the Lusaka District allow for different geophys-
ical exploration and interpretation techniques. Also, borehole yields diHer
over a wide range, from very poor in quartzites to excellent in dolomitic
limestones.

Geoelectric soundings, using the Schlumberger array, are always under—
taken, even in areas where a quantitative interpretation becomes meaning—
less. In general, quantitative interpretation is possible in areas underlain by
schists, or where the soil cover is relatively thick, so that soundings are less
affected by near-surface inhomogenities.

Only qualitative interpretation is possible in most areas underlain by
limestones and quartzite. Generally, fractured or fissured rock is shown up
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as resistivity lows in a iso-resistivity map and good yields are obtained if
boreholes are drilled in these resistivity lows.

Supplementary seismic refraction methods are recommended only for
detailed studies of solution hollows and bands of fractured rock in lime-
stone.

So far, a success of 90% has been achieved, applying geophysical in-
vestigation methods for the exploration of groundwater in the Lusaka
District. This compares favorable with a success rate of about 40%—50%
if wild-cat drillings are done in the same area.
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Neuere Versuche zum Dipol—Induktionsverfahren*

M. Leppin
Institut für Geophysikalische Wissenschaften der Freien Universität Berlin

Eingegangen am 10. August 1973

New Experiments with the Two-Loop Sounding Method

Abn‘mct. Electromagnetic methods are qualified for exploration of a hori-
zontally stratified conducting earth covered by a sheet with high resistivity. An
experimental arrangement for the two-loop geometric sounding method is describ-
ed. Amplitude and phase of the magnetic field are measured. The results are inter-
preted by matching with calculated model curves for the vertical component of
the magnetic field of a magnetic dipole placed on the surface of a three-layered
conducting earth. The response for different values of thickness and resistance of
the layers is studied for several distances between transmitter and receiver coils.

Key wordy: Two-Loop Sounding —- Dipole induction — Electromagnetic
Sounding.

Zmammenfammg. Elektromagnetische Sondierungsverfahren eignen sich Zur
Erkundung horizontal geschichteter Strukturen, die unter Deckschichten mit
hohen spezifischen Widerständen liegen. Beschrieben wird eine Apparatur mit
kleiner Generatorleistung für eine geometrische Sondierung nach dem Dipol-
Induktionsverfahren. Vermessen wird das magnetische Feld nach Betrag und
Phase. Die Sondierungskurven werden ausgewertet mit Hilfe von berechneten
Modellkurven für die Vertikalkomponente des Magnetfeldes eines magnetischen
Dipols über einem dreigeschichteten leitenden Untergrund. Die Abhängigkeit
der Vertikalkomponente von den Schichtmächtigkeiten und den spezifischen
Widerständen wird für verschiedene Abstände zwischen Sende- und Empfangs-
spule gezeigt.

7. Einleitung

Elektromagnetische Sondierungen nach dem Dipol-Induktionsverfah—
ren haben in jüngster Zeit wieder ein verstärktes Interesse gefunden, nach—
dem es mit Hilfe elektronischer Rechenmaschinen gelang, theoretische
Modellkurven in größerem Umfang zu berechnen (Frischknecht, 1967;
Ruy, Morrison und Ward, 1970). In der praktischen Anwendung lassen

* Nach einem Vortrag, gehalten auf der 33. Jahrestagung der Deutschen
Geophysikalischen Gesellschaft vom 5.—10. März 1973 in Göttingen.
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sich zwei prinzipiell verschiedene Arbeitsmethoden unterscheiden. Bei der
pereweär-ärrbae Sondierung wird bei festem Abstand zwischen Feldquelle und
Aufnehmer die Generatorfrequenz und damit der Induktionsparameter
geändert; die gebräuchlichen Frequenzen liegen im Bereich zwischen einiw
gen 10—21-12 und einigen 103Hz. Bei der gemein-ärmer: Sondierung wird bei
fester Generatorfrequenz der Abstand zwischen Feldquelle und Aufnehmer
verändert und das vom Untergrund geprägte Gesamtfeld längs Radial»
profilen vermessen. Im Vergleich zum parametrischcn Sondierungsverfah-
ren erfordert das geometrische Verfahren zwar einen geringeren techni-
schen Aufwand, bietet jedoch die größeren Schwierigkeiten hinsichtlich der
Anwendung im Gelände.

Im folgenden wird eine neuentwickelte Apparatur zur geometrischen
Sondierung nach dem Dipol-Indulttionsverfahren beschrieben, die im
Herbst 1971 auf den Schottern breiter Flußbetten in Kalabrien (Italien)
erstmals erprobt wurde, wobei die Ergebnisse mit denen von Gleichstrom-
sondierungen (Giese, 1971) am gleichen Ort verglichen wurden.

2. Die rl-i’rffeppamrzrr

In Abb. 1 ist das Blockschaltbild der Melianordnung dargestellt, mit
der Beträge und Phasen der einzelnen Komponenten des Magnetfeldes ge-
messen werden. Der Oszillator erzeugt eine harmonische Wechselspannung
der Frequenz 1300Hz, die auf den Eingang eines Leistungsverstärkers
(Ausgangsleistung 40 W) gegeben wird. An den Ausgang ist die Sende—
spule angeschlossen, die zur optimalen Leistungsanpassung über einen

Sende- Empfangs—
Spule Spule

Leistungs—
©—

Impedanz-
verstürker Wandler

NF—Sinus- HF
— F— .. .

Oszillator H Sender Empfonger F'Her
I

H Verstärker
Filter

l
Gleichrichter

Phosen—
V t" k lMeßgerüt i»

ers or er

Elektro —

meter

Abb. 1. Blockschaltbild der Meßapparatur zum Dipol—lnduktionsverfahren
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Kondensator zu einem Reihenschwingkreis geschaltet ist. Die aus 11 Win-
dungen bestehende Sendespule hat einen Durchmesser von 14 m und wird
als ebene Kreisschleife auf dem Erdboden ausgelegt. Die ebenfalls kreisu
förmige Empfangsspule (1600 Windungen) ist um eine horizontale Achse
drehbar auf einem Stativ befestigt. Sie hat einen Durchmesser von 50 cm
und ist als Parallelschwingkreis auf die Sendefrequenz abgestimmt. Die an
der Empfangsspule abgegrifl'ene Spannung wird gefiltert, verstärkt und
gleichgerichtet einem Elektrometer zur Amplitudenanzeige Zugeführt.
Um die Phase der Wechselspannung relativ zum primären Feld messen zu
können, überträgt eine Kurzwellen-Funkverbindung eine Bezugsspannung,
die zu dem Strom durch die Sendespule in einer festen Phasenbeziehung
steht. Ein elektronisches Phasenmeßgerät zeigt dann die Phase der in der
Empfangsspule induzierten Spannung an. Während die Empfangsapparatur
insgesamt batteriebetrieben ist, wird die Betriebsspannung für den Gene-
rator von einem Netzspannungsaggregat geliefert. Die Abb. 2 zeigt die
Meßapparatur ohne die Sendespule.
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Abb. 2. Die Meßapparatur ohne die Sendespule (1 = Empfangsspule, 2 =
Empfangsapparatur mit Verstärker und Phasenmeßeinrichtung, 5 = Elektro-
meter, 4 = Kurzwellenempfänger, 5 = Benzinaggregat, 6 = Generator, 7 =

Kurzwellensender)
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Die Auswertung der gemessenen Werte für Betrag und Phase des Ma-
gnetfeldes als Funktion des Ortes erfolgt durch Vergleich der Sondierungs-
kurven mit berechneten Modellkurven der Feldgroßen eines vertikalen
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magnetischen Dipols über einem horizontal geschichteten leitenden Halb—
raum. Die Modellberechnungen selbst sind an anderer Stelle ausführlich
dargelegt (Leppin, 1972). Ein erstes Beispiel einer Sondierungskurve für
den Betrag der Vertikalkomponente des Magnetfeldes mitsamt der an-
schließenden Auswertung gibt Abb. 3 wieder. Irn oberen Teil der Abbil-
dung ist auf der Ordinate im logarithmischen Maßstab der Betrag der
Vertikalkomponente aufgetragen, bezogen auf ein Dipolfeld im Vakuum.
Die erste Abszisse gibt im ebenfalls logarithmischen Maßstab den Induk-
tionsparameter an:
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Abb. 3. Elektromagnetische Sondierung nach dem Dipol—Induktionsverfahren
irn Flußbett des Laverde (Süditalien). Normierte Vertikalkomponente: Punkte =
Meßwerte, durchgezogene Kurve ——— berechnet für ein Drei—Schichten-Modell;
G.: Tiefenprofil aus der Gleichstromerkundung, D.I.: Tiefenprofil aus der elek-

tromagnetischen Erkundung
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R = Valluo C0/2 0
((71 = spezifische Leitfähigkeit der Deckschicht, ‚uo = Induktionskonstante,
w = Kreisfrequenz, Q = Abstand zwischen Sendespule und Empfangsspule).

Auf der zweiten Abszisse ist im gleichen logarithmischen Maßstab der
Aufpunktabstand g aufgetragen. Die ausgezogene Kurve zeigt eine theo-
retische Modellkurve für einen 3—Schichtenfall als Funktion des Induk-
tionsparameters. Kurvenparameter sind die Größen K1, K2, D1 und D2,
wobei K1 das Verhältnis der spezifischen Leitfähigkeit der zweiten Schicht
zur ersten und K2 das der dritten Schicht zur ersten angibt; D1 ist propor-
tional der Tiefe b1 der ersten Grenzfläche, D2 ist proportional der Tiefe b2
der zweiten Grenzfläche. Die eingetragenen Punkte bezeichnen die mit
dem jeweiligen Wert von g3 multiplizierten gemessenen Beträge der Ver-
tikalkomponente.

Zur Bestimmung der Modellparameter wird die Sondierungskurve
durch Verschieben parallel zu den Koordinatenachsen mit einer der Modell—
kurven möglichst gut zur Deckung gebracht. Aus den einander zugeord-
neten Abszissen wird zunächst die Leitfähigkeit 01 der Deckschicht ermit—
telt und damit über die Parameter der Modellkurve die äquivalente 3-
Schichten-Struktur des Untergrundes bestimmt. Ein Vergleich der Modell-
kurven zeigt, daß sich im Rahmen der hier erreichten Meßgenauigkeit von
etwa i90/O die Modell—Kurven einiger 3-Schichtenfälle nur in ihrer Lage
bezüglich der R-Achse, nicht aber in der Form unterscheiden, so daß in
diesem Fall die gemessene Punkteverteilung mit mehreren Modellkurven
zur Deckung gebracht werden könnte. Die spezifische Leitfähigkeit der
Deckschicht muß daher durch eine zusätzliche, direkte Messung bestimmt
werden, um die gegenseitige Verschiebung der beiden Abszissen eindeutig
festzulegen. Nach diesem Verfahren wurde die Sondierungskurve in Abb. 3
ausgewertet, wobei 01 durch eine Gleichstromsondierung ermittelt wurde.
Als Ergebnis der elektromagnetischen Sondierung ist das Tiefenprofil
(D.I.) mit eingezeichnet zusammen mit dem Tiefenprofil aus einer am
gleichen Ort durchgeführten Gleichstromsondierung nach dem Schlum—
bergerverfahren (G..)

Um die Auflösung mehrschichtiger Strukturen beim Dipol—Induktions—
verfahren genauer zu untersuchen, ist im unteren Teil der Abb. 3 der Be—
trag der normierten Vertikalkomponente im logarithmischen Maßstab als
Funktion der Schichtparameter aufgetragen worden. Die dargestellten
Kurven gelten für ein Modell mit festem Induktionsparameter R=O,1
bzw. R =O,7. Der Kreis kennzeichnet jeweils den Wert aus der benutzten
Modellkurve im oberen Teil der Abb. 3. Eine Änderung der Tiefe 171 der
ersten Grenzfläche im Bereich zwischen 10 m und 20 m ergibt keine Ände-
rung der normierten Vertikalkomponente. Das gleiche gilt bezüglich der
Variation des spezifischen Widerstandes der zweiten Schicht. Diese Para—
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meter sind daher aus der Gleichstromsondierung übernommen worden.
Die Tiefe der zweiten Grenzfläche und der spezifische Widerstand der drit—
ten Schicht lassen sich dann allerdings gut ermitteln, dafür vergleichsweise
grolie Werte des Indulttionsparametcrs (R 20,7) die Vertikalkomponente
eine monoton steigende Funktion der beiden Schichtparameter ist. Die
Form der Sondierungskurve wird hierbei im wesentlichen von den Schicht—
parametern der dritten Schicht bestimmt, weil am Meßort der \X-’iderstands—
kontrast zwischen der Deckschicht und der dritten Schicht am größten ist.

Die Auswertung einer anderen Sondierungskurve (Abb. 4), die im
unteren Flußbett des Laverde gemessen wurde, zeigt nur geringfügige
Unterschiede gegenüber den Verhältnissen am Ort der ersten Sondierung.
Bis auf Orte in der Nahe der Sendespule stimmen die b-Ieliwerte recht gut
mit den berechneten W'erten überein. liiine Variation der Parameter der
ersten beiden Schichten führt zu keinerlei meßbarer Veränderung im Be-
trag der Vertikalkomponente; die Kurven sind wiederum nur abhängig von
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den Parametern der dritten Schicht. Iiine weitere Sondierungskurve (Abb.
5) wurde daher lediglich nach einem 2—Schichten—Modell ausgewertet, das
in den Parametern des unteren Halbraumes mit dem 3-Sehichten-Modell
aus der Gleichstromsondierung recht gut übereinstimmt.

Allgemein kann aus den durchgeführten Versuchen geschlossen wet-
den, daß zwar die Auflösung mehrschichtiger Strukturen beim Dipol-
Induktionsverfahren etwas geringer ist als bei Gleichstromverfahren, be—
sonders dann, wenn Schichten mit geringen Leitfähigkeitsunterschieden
über einem Halbraum liegen, dessen Leitfähigkeit wesentlich größer ist.
Zugleich zeigen die Messungen jedoch, dal5 dem Dipol-Induktionsverfah-
ren als einer ergänzenden Methode zum Gleichstromverfahren durchaus
eine reale Bedeutung zukommt, vor allem, wenn es darum geht, geschieh-
tete Strukturen zu sondieren, bei denen die Deckschichten eine noch gerin-
gere Leitfähigkeit aufweisen als in den hier behandelten Fällen.
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Abrz‘mct. Instrumentation for broad-band geomagnetic induction work
developed by Caner and Dragert (1972) is briefly evaluated on the basis of a
two-month field project employing four of these instrument systems in the geo-
magnetic depth-sounding (GDS) mode. The results may be summarized as
follows: No instrumental difficulties were encountered in the operation of the
fiuxgate sensors modified by the filter-amplifier interface modules, and only the
7-channel FM tape recorders used with these dual-band systems actually required
the constant attention of the five-day service cycle employed in this project. The
two overlapping frequency bands performed almost to specification. The system
dynamic range was generally 78 db, with the short-period band resolution limited
to 0.2 y. The proposed frequency range of 0.01 to 100 millihertz was limited
in practice to about 0.05 to 100 millihertz because of instrumental sensitivity to
daily temperature variations. It is concluded that with minor logical modifications,
a more compact, more flexible version of this system can easily be built which
would prove invaluable for field research in broad-band geomagnetic variation
studies.

Key words: Geomagnetic Induction Instruments — Registration of Geo—
magnetic Variations —— Geomagnetic Depth-Sounding.

1. Introduction

Regions such as western North America, geomagnetically character—
ized by a strong attenuation of the vertical field fluctuations (AZ), present
the stringent requirements of a high sensitivity combined with a large dy-
namic range for any geomagnetic induction instrumentation. To improve
the recording of magnetic variations particularly in such areas, a broad-
band geomagnetic depth—sounding system was developed by Caner and
Dragert (1972). Basically, by recording data in two overlapping frequency
ranges with variable sensitivities, this instrumentation system was designed
to record over a frequency band of 0.01 to 100 mHz with a dynamic range
of about 80 db.

Although this system can be used for both geomagnetic and magneto-
telluric induction work, this report deals only with the first extensive field
testing of the GDS mode of operation. With reference to the block diagram
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of Fig. 1, the aspects of this mode may be summarized as follows. The
detector head, a transistorized saturable-core magnetometer (Trigg, Serson,
and Camfield, 1971), senses H, D, and Z variations, providing signals at a
sensitivity of 10 mV/y. The three components are then split into two bands.
In Band A (DC to 200 s periods), the signals are passed through automatic
zero-suppression circuits (Trigg, 1970) which step the voltage back by 1v
when the amplitude of the input signal exceeds 1V. With seven steps in
both positive and negative directions, a total dynamic range of 1600); is
achieved. In Band B (5003 to 53 periods), the signals are passed through
matched active band—pass filters which remove low frequencies and amplify
higher frequencies to a sensitivity step-wise variable between 20 and 200
mv/y. These two bands, along with superimposed internally generated
hour marks, are recorded on 7—channel FM tape recorders (Geotech type
17373, or Precision Instruments type PI—5100) at a recording speed of 15/160
ips and within a recording band of DC to 17 Hz. Time—code pulses from a
WW’VB signal for absolute time reference, or, the FM centre frequency
for playback compensation are recorded on the remaining channel.

2. Field Performance of flee System

During a period of two months, beginning mid-September 1971, four
complete broad—band GDS systems were operated as part of a short—spaced
profile in the Rocky Mountain Trench area near Golden, British Columbia.
The location of these four systems is illustrated in Fig. 2 and summarized
in Table 1. All sites were easily accessible by road and had facilities of either
line or diesel—generated electric power. Consequently, the systems, which
have optional AC or DC power modes, all used AC power for operation.

Table 1. Location of the four broad—band GDS systems during the
pilot project

Station Longitude Latitude Geomagnetic
latitude

Downie Creek (DOW) 1182" W 51.3° N 58.0° N
Rogers Pass (ROG) 117.6O W 51.2° N 58.1° N

Nicholson (NIC) 117.0O W 51.3o N 58.3° N

Banff (BAN) 1156" W 51.2° N 58.6° N

(—

Fig. 1. Block diagram of system circuitry for GDS application. (After Caner and
Dragert, 1972)
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Fig. 2. Station locations for the field testing of Caner’s broad-band GDS systems.
(Solid circles are broad—band sites, open circles are Askania variograph sites)

However, batteries were still connected in a stand-by configuration to en—
Sure continuous recording during power failures or diesel-generator shuta
downs. Indoor sheltering, required by the temperature and humidity sen—
sitive tape recorders only, was available at all sites except ROG where an
insulated, weatherproof, wooden shelter was used to house the recorder.
All recording was done using 10.5—inch precision reels holding 3600 feet
of magnetic tape, thus permitting a five—day service cycle. The relatively
short spacing of stations and their ease of accessibility--' allowed efficient
servicing by a single operator within this cycle, even during adverse weather
conditions. Completed data tapes were shipped in magnetically shielded,
insulated transit boxes to the University of British Columbia where a brief
playback of tapes would reveal any required instrument adjustments which
were subsequently communicated to the field operator.

All four systems were operated simultaneously for a period of 55 days,
each recording 6 channels of data and thus giving 330 ‘channel—days’ of
possible records at each site, a possible 1320 channel—days for the entire
project. The data loss due to instrument failure was approximately 200
channel~days, giving a better than 80‘353 relative data return. Tape recorder
failure was the primary cause of system breakdown, and would probably
have caused greater loss but for the constant attention of the fiveiday
service cycle. At the outdoor site (ROG) low temperatures and wet weather
necessitated the eventual addition of a drying agent and an B—W heating
bulb within the recorder housing to ensure a dry, above—freezing environ-
ment required for a more reliable operation of this recorder. Aside from
some initial excessive heat generation within the insulated transit cases
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housing the control instrumentation, no major problems were presented
by the combined systems of the fluxgate control unit and the filter-amplifier
modules. Over the first 15 days of operation, ample simultaneous short—
period data had been recorded for a thorough Band B analysis. It was expect-
ed to collect sufficient long—period data for Band A analysis within 30 days;
however, the infrequent occurrence of magnetic storms and the interrupt—
ion of continuous, simultaneous records by successive servicing of tape
stations prolonged data collection.

3. Evaluation (If the System

a) Calibration
Calibrations of the broad-band systems were carried out at the begin-

ning and end of each five-day tape by applying an accurate i 1.00 volt pulse
fr om an internal battery as an input signal to each of the siX data channels
(This does not provide an absolute calibration of the fluxgate unit, but
merely a calibration of recorder sensitivity.) During the 55—day project, the
two sites (NIC and BAN) which were subject to small temperature variations
showed less than 2% variation in sensitivity over each five-day period. The
other two systems displayed slightly larger variations, with the tape recorder
at ROG showing calibration changes as large as 5% on playback. It should
be noted, however, that when only ‘end-of—tape’ calibrations are considered
in which the temperature equilibrium of the tape recorder is left undisturbed,
five—day sensitivity variations were smaller than 20/O even at these latter
Sites.

b) Timing Marks
The hourly time marks generated by the fluxgate control unit were

calibrated against a standard WWVB signal at the beginning and end of
each tape. During the field project, the maximum deviation observed over
a five—day period was two seconds, indicating an absolute timing stability
of better than 1 part in 2 ><105. Furthermore, these timing drifts were
generally linear and simultaneous playback of timing marks and the WWVB
signal indicated that relative time could be recovered to within 0.1 3.

Unfortunately, the fluxgate sensing systems containing the timing
circuits were borrowed from the Victoria Earth Physics Branch as complete
units, and hence could not be altered easily to introduce time marks after
the band-pass filters of Band B. Hence, to avoid large, slowly-decaying,
filter-convolved step-functions in the short-period data, the time-mark
relays were by—passed for the three Band B channels. However, power or
line—impedance fluctuations due to relay closures still generated small (2
to 5 mv) characteristic, filter—convolved time pulses. At the higher Band B
amplifications, these slowly decaying signals interfered with actual magnetic
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variations having periods of the order of the decay time (w 3 min). How—
ever these pulses were well—defined and could be removed digitally before
data analysis.

c) Record Quality
The quality of the recovered data depends not only on the sensing system

and the actual recorder, but also on tape—playback and analogue-to-digital
(A/D) conversion, since these latter operations are an integral part of data
reduction. For this project, the FM data were played back using a Sanborn
Model 3900 tape recorder employing a flutter compensation mode which
kept absolute playback noise below 30 mv. Before digitizing, these analogue
signals were low—pass filtered to further reduce playback noise (to g 5 mv)
and to reduce aliasing. An Intcrdata A/D Converter was then employed to
digitize the filtered signals over a range (if j: 10.00 v with a resolution
of 10 mv.

TSTEP-BACK
100 ÏIOOÏ

|
als u T

I I I I I I I. . 12 13Sept. 30, 1911 at DOW no

Band A

Fig. 3. Example of the broad-band system recording of long—period variations
(Band A). Arron-'s indicate step—backs of 100 y provided by the automatic

zerousuppression circuit of Trigg (1970)

Fig. 3 shows a sample of long—period data (Band A) recorded at DOW".
‘Stcp—backs’ of the automatic zero—suppression circuit (shown by arrows)
illustrate the extension of the dynamic range. liach step is recorded as an
instantaneous change (if 100 y and was generally found to be clearly rc-
cognizable even during intense magnetic disturbances. 'Peak-to-peak noise
in this band was found to average from 1 to 232. An example of short-
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l I l I I I l I I I I I I I 1 I I I I I I

15130 lLT. 15240 15150

Oct. 30, 1971 at RUG
Band B

Fig. 4. Example of the broad—band system recording of short—period variations
(Band B)

0.5 If

”WW

I WWW/WWW

l | l I I I I I l I I I l l I l I I I | l

05:50 III. 06:00
HOV.2,197| at ROG

EM“) E

‚I.Fig. 5. Example of Bantl B total noise (recorded, playback, and digitizing noise)
at a magnetically quiet periotl
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period data (Band B) recorded at ROG is given in Fig. 4, which shows a
section of record dominated by a 43s period pulsation. The components
illustrated here were all recorded at a gain of five and show a noise level
between 0.1 and 0.2;; at this amplification. To clearly indicate the total
operational noise inherent in the recording and the reduction of Band B
data, a magnetically undisturbed period is shown in Fig. 5 at an expanded
scale. Again, all components were recorded at a gain of five and a peak—
to-peak noise level of ~0.2y is apparent. A large part of the noise appears
to be digital, implying that further amplification of Band B signals could be
carried out, but would, of course, be accompanied by a corresponding
sacrifice in dynamic range.

4. Conclusion; and Recommendation:

In terms of total data return for this pilot project, instrumental reliability
can be judged as good. (An improved recording system alone would have
increased relative data retu m from 800/0 to 95%). Both Band A and Band B
exhibited satisfactory record quality, showing average resolutions of 23/
and 0.272 respectively, and a combined dynamic range of about 78 db.
Variations with periods down to 5 s were resolved, but this large gain of
information achieved on the short-period side was found to be slightly at
the expense of the long—period (diurnal) data. The fluxgate sensing head
presently used with the system lacks the temperature stability of the stand—
ard Askania variograph. Consequently, extreme daily temperature var—
iations can limit the reliability of the long-period data. Furthermore, the
slow—speed FM tape recorders appear to be too sensitive to temperature and
humidity, and hence are ill-suited to an environment of extremes.

Most operational difficulties stemmed from the method of recording.
The relative complexity of the FM tape recorders demand servicing by an
experienced operator, mainly 'since a direct visual evaluation of the quality
of the recorded data is not possible. Also, the five-day cycle imposed by the
length of the data tapes makes it extremely difficult to record uninter—
rupted long-period events simultaneously at several stations. An obvious
solution is to use longer data tapes (14—inch reels holding 7200 feet of tape),
or better, to record long-period data on digital tapes having a 25 to 30-day
cycle capability.

In general, it can be concluded that the pilot project has shown the in-
strumentation developed to be a valuable and practical new tool for field
research in geomagnetic variation studies. The extended frequency range
and the wide dynamic range make this instrument particularly well suited
to areas where short—period vertical field variations are strongly attenuated.
The full potential of this moderate-cost, dual-band system is yet to be
realized. By a straightforward reorganization and streamlining of its com-
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ponent parts, a more compact and versatile system version can easily be
built. For instance, the fluxgate control unit and the filter—amplifier unit
could be integrated into one compact unit providing not only variable
sensitivity but also variable band-pass capabilities. Furthermore, by intro-
ducing separate recording systems for each band, uninterrupted data lengths
appropriate for the analysis of each frequency range could be recorded more
easily and more efficiently. (Such system changes are presently being
implemented by the Earth Physics Branch at Victoria under the direction
of Dr. L. K. Law).

The application of this system should by no means be limited to simply
the improved monitoring of geomagnetic (and magnetotelluric) variations.
Because of the increased sensitivity and expanded frequency range, imme-
diate system applications include the study of long-period micropulsations
as well as the location of upper-crustal conductivity anomalies such as
geothermal areas with power—source potential.
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Alarz‘ract. Seismic noise spectra at many sites in Europe exhibit a sharp peak
between 2.0 and 2.1 Hz. Similar peaks have previously been reported from the
United States. The spectral peak can be resolved into two monochromatic com-
ponents, the slightly varying frequencies of which are, respectively, those of the
Western and the Eastern European power networks, divided by 24 (this is 2.083
Hz on the average). The sources of both components apparently are heavy
machines driven by synchronous electric motors with 125 rpm. One source of
this type, a large piston compressor, has been identified. The observed noise level
varies periodically as a result of interference of the two components, and these
variations are essentially synchronous at KHC (Czechoslovakia), BUH (W.
Germany), WLS (France) and others. It is not yet understood how the signal
propagates over distances like that from Czechoslovakia to France (400 km).

Key words: Seismic 2 Hz Noise in Central Europe — Spectral Properties,
sources, propagation.

Introduction

Extensive investigations of short-period seismic noise were carried out
in many countries over the past ten years. One interesting result was the
occurrence of a sharp peak with a stable frequency near 2 Hz in the noise
spectra of mutually very distant stations, especially of stations with a low
level of manmade noise. For instance, a spectral peak between 2.0 and 2.1
Hz was observed at WMO and CPO (U. S.), KHC (Czechoslovakia), BUH
(W. Germany), WLS (France), and recently at NORSAR (Norway) —— see
Bogert, Menard and Walker, 1964; Karnik and Tobyas, 1961; Plesinger
and Wielandt, 1972; Hjortenberg, 1973.

High resolution spectrograms, whereever they could be performed,
resolved the peak into one or more line components. Usually some other
lines are also visible in the spectrograms which clearly are of local origin.
Most of the lines including the 2 Hz lines in the U. S. have been observed to

* Contribution No. 83, Inst. of Geophysics ETH Zurich
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start and stop abruptly and were interpreted as industrial noise (Bogert
at mi, 1964), but the European 2 Hz line was always present.

Various assumptions have been made to explain the microseismic
anomalyI at 2 Hz, including: widespread artificial sources (Karnilt and
Toby-'21s, 1961; Frantti, 1963; Bogert at (1.1., 1964), an extremum in the
group velocity at the recording site (Frantti, 1963), a filtering mechanism
for surface waves (Douze, 1967), or a common subsurface source (Douze,
1967). Our own investigations reported in this paper show that the 2 Hz
noise in Europe is manmade, but its widespread occurrence indicates that
a not yet understood propagation mechanism may contribute to the 2 Hz
anomaly.

Azizplimda Observation;

At many quiet sites in Czechoslovakia, e. g. the seismic station Kasperske
Hory (KI-1C), the 2 Hz signal is the main contribution to the seismic noise
besides the common 4 to 9 sec marine microseisms (Karnik and Toby-as,
1961; Kulhanek, 1966; Holub, 1969). It can be seen on seismic records as
a sinusoidal oscillation of slowly varying amplitude, superimposed on the
slower 4 to 9 sec waves. The mean amplitude at KHC is 8 nm peak-to-peak.
This has been observed for over 10 years but, in spite of considerable effort
(Fucik, 1970), the source has not been found. Considering the widespread
occurrence, the persistent amplitude variations (PIC-singer, 1971), and the
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Fig. 1. Superimposed amplitude records of the 2.08 Hz mieroseismic signal at
BUH (‘50. Germany) and KHC (Czechoslovakia). The period of the amplitude
oscillations is the same at both stations, but there is no constant phase shift or

propagation delay
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fact that the signal was never switched off, the simple explanation as man-
made noise was rejected at that time.

The question was raised again when obviously the same signal was
observed at BL'I—I (Black Forest, W Germany) with a mean amplitude of

1 nm peak-to~peak. It was extracted from the general noise by narrow
hand-pass filters and recorded for several months. The amplitude variations
turned out to be coherent with those at Iii-1C. By visual inspection of the
original records the coherence is good over hours and even days, but the
mathematical correlation coefficient is rather low for samples longer than
20 min, mainly due to a frequency-dependent phase shift. Fig. '1 shows
superimposed amplitude records from the two stations more than 300 km
apart

It has not been possible to determine uniquely a propagation delay
from the amplitude records, nor to find a permanent direction of ground
motion or of propagation for the seismic signal itself. The latter is not
coherent over distances greater than 0.5 km.

Hzig/J Rem/trim}! .Sfirrh'ngrawr

The amplitude variations of the 2.1 Hz signal look very much like the
interference of two continuous waves of slowly varying frequency, and an
effort was made to resolve these. A frequency resolution of 0.001 H7. was
necessary to separate the two hypothetical signals giving beat periods
up to 1000 sec. To achieve this, a “Sonagraph” (Kay Electric Co.) was
equipped with an auxiliary motor which revolved the drum once in 30
hours and thus produced the desired resolution in the frequency range
0.00—0.12 Hz. The telemetered seismic signal from BUH was prefiltered,
mixed down into this range by chopping it with 2 H2 from a quartz clock,
and recorded 24 hours for a playback. The result is shown in Fig. 2. The
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two components of the signal are clearly visible, one being rather stable
at 2.083 Hz, the other less stable and somewhat lower in frequency. The
frequency difference between the two lines as recorded at BUH is exactly
the frequency of the above-mentioned amplitude oscillations both at BUH
and at KHC. Later it became clear that the irregular frequency shifts of
both lines were statistically correlated with daytime. It was further noticed
that they were in suspicious coincidence with those of the Western and the
Eastern European synchronized electric power networks, and that the
seismic frequency of 2.083 Hz was just the ac frequency, 50 Ha, divided
by 24. For the “western” component, this has finally been established by
recording the seismic and the divided electric signals at the same time.
The “eastern” component, recorded at BUI-I and WLS, has been compared
with the “eastern” ac frequency recorded directly at Prague. Fig. 3 demon—
strates that the frequency shifts are identical.

50.5 _. :
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Fig. 3. (A) Frequency of the Eastern EurOpean electric power network, recorded
at Prague on March 20, 1973. (B) Spectrogram of the seismic noise at BUI—l
(W. Germany). Unfortunately, those noise spectrograms for which records of
the easrern ac line frequency are available are not the clearest ones, but they
leave no doubt that the less stable component of the 2 Hz noise in Southwestern
Germany originates from machines powered by the Eastern European network

Seams; of #38 2 He Nerve

At a new seismic station near Ludwigshafen, W. Germany, the stable
2 Hz component was found to be predominant, and there the seismic
signal showed a constant phase relation to the ac line. A large piston
compressor at Ludwigshafen, driven by a synchronous motor and generat—
ing intense 2.083 I-Iz vibrations, was identified as the major source of the
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stable component. A source of the less stable, “eastern” component has
not yet been identified, but it is known that in Czechoslovakia several
synchronous 3 to 5 megawatt motors with 125 rpm are in continuous duty.

We have also considered the possibility that the signal could be radiated
synchronously from some or all electric power plants, but no evidence
has been found for this. A spectral peak near 2.1 Hz is observed in the
seismic noise near some power plants in Czechoslovakia, but when one
comes really close to the generator block it disappears in a more continuous
noise spectrum. Certainly power stations themselves cannot be a main
source of the 2 Hz noise.

Propagation

It is surprising that industrial noise at 2 Hz can be observed over 400
km. Partly this may be explained by electric instead of seismic propagation,
but in any case the “eastern” noise has to propagate seismically over 400
km into France. It is not yet clear whether this is “normal” —— i. e. can be
explained by simple P,S or surface waves —, or whether a special propaga-
tion mode has to be assumed. Earthquake records do not indicate a pro-
pagation anomaly near 2 Hz, but in the background noise there clearly is
this anomaly, both in Europe and in the U.S. The simplest explanation
would be that there exists a widespread type of machines with 125 rpm
(120 rpm in the U.S.) which are especially effective as seismic sources,
whereas at other frequencies no such machines exist. But of course locally
strong industrial noise is generated at other frequencies as well, and the
question arises why that noise does not propagate over hundreds of kilo—
meters. 80 it seems worthwile to investigate the alternative explanation
that frequencies near 2 Hz can propagate over the distances considered
here with lower attenuation than others. This does not necessarily imply
the existence of a “channel” or waveguide for 2 Hz which in fact has no
place in our present conception of crust and upper mantle, but could in—
volve irregular scattering as well. All that can be said for now is that surface
propagation is very unlikely for different reasons, one of which is the obser-
vation of Douze (1967) that the 2 Hz noise, unlike other short-period
microseisms, was present with its full surface amplitude at a depth of
3048 m.

Final Remark:

If industrial seismic noise can propagate over 400 km with an amplitude
large enough to be detected by simple bandpass filtering, we can see no
reason why this noise could not be extracted at much more distant places,
by digital processing, as a peak in an otherwise continuous spectrum of
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natural noise. At least, this explanation should be checked before claiming
extraterrestrial sources. On the other hand, the 2 Hz anomaly is not really
worldwide. In Southern Portugal, a region with an extremely low level of
short-period microseisms, where we hoped to determine the phase velocity
of the 2 Hz noise, it was not present at all, nor was there any other anomaly
in the short-period noise. Again, this could be caused simply by the distribu-
tion of sources, but it could also depend on geologic or tectonic structures
and thus present a tool to investigate these when the propagation mecha-
nism will be understood.
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The presented crustal section under the Ionian Sea is the result of re—
fractional seismic work on two cruises of the research ship “Meteor” in
1969 und 1971 under the coordination of Prof. Closs 1, and of three seismic
stations on the Peloponnes near the coast in 1971. In that year 25 seismic
land stations and four sono buoy sea stations have recorded explosions at sea
on a profile line which crossed the Mediterranean Ridge, the Hellenic
Trench and the Peloponnes and ended in the East near Agina. The program
of 1969 was carried out in cooperation of Italian and German Institutions
and that of 1971 by German, Italian and Grecian Institutions. Both expedi—
tions were financially supported by the Deutsche Forschungsgemeinschaft.

The presented Bouguer Anomaly relies on a European map, published
by the Bureau Gravimétrique International, Paris. The sea bottom topo-
graphy in the area of the crustal section shows four main geological struc-
tures: the shelf of Malta, the deep Ionian Sea (Ionian Abyssal Plain), the
Mediterranean Ridge and the Ionian Trench, which is not very clear marked
by the bottom topography in this area. Also the Mediterranean Ridge
difl’ers not very much in water depths from the Ionian Abyssal Plain, but
is characterized by its rough topography (Hieke, 1972; Ryan, 1969), which
scatters and reflects the seismic energy. -—— The mentioned four units given
by the sea bottom topography are also represented by the deeper structure
from the seismic survey. The Malta Shelf area, which belongs to the Afri—
can plate, shows a typically continental crust with consolidated sediments
near the surface (Weigel and Hinz, 1970).

There are no informations about the Moho course, but the Bouguer
anomaly points to a depression compared with the smaller depths of the

1 Professor Dr. H. Closs, Bundesanstalt für Bodenforschung, Hannover.
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Moho in the Ionian Abyssal plain. The seismic results under the margin
of the Malta shelf show strong fractured horizons, which point to a fault
zone in which the cristalline (Vp 26,1 km/s) has been vertically shifted
about 5000 m. The crustal type in the area of the Ionian Sea is quite different
from that in the Western and Eastern continental areas. Also under the
Western Peloponnes the cristalline reaches about 6000 m and is overlain
by consolidated sediments (5,2—5,5 km/s). A very strong fault zone is
indicated by an unsteady course of the sea bottom and seismically identified
fractures in sediments and cristalline in the area of the Hellenic Trench.
A p-Velocity of intermediate crustal material (about 7.0—7.2 km/s) is not
clear in all sections of the profile. Under the coast of the Peloponnes the
Moho reaches about 46 km depth, which agrees with the Bouguer anomaly
(Lort, 1971). Under the Mediterranean Ridge the transition zone to the
upper mantle rises till 18 km under the Western part of the Ridge and the
Ionian Abyssal plain. Here it is not clearely marked by a discontinuity
(Weigel and Hinz, 1970). Under the Malta—Marginal Trough the Moho
reaches about 17 km.

The great depth of the cristalline in the deep Ionian basin and under
the western part of the Mediterranean Ridge and the low depth of the Moho
points to a sunken area of a formerly continental crust which presently
may be in a process of oceanisation.

The slope of the Moho from the Ionian Sea to the East and the great
depth under the coast of the Peloponnes agrees with the zones of Moho
depression under the young mountain systems of the Alps and the Dinari—
des. Whether the subduction of the Moho is connected with a subduction
zone, as it was ascertained in the Pacific island arcs, is not clear. Indications
for such a Benioff zone are the earthquakes in that area (Galanopoulos,
1972) and studies of earthquake mechanisms (Gertig, 1972) which show
compressions in about ENE direction. This points to a recent relative
movement of the Ionian/Agaan area. From the presented crustal section
vertical crust movements are sure but also recent horizontal movements
cannot be excluded.

Thanks are expressed to Prof. H. Menzel, University of Hamburg, and Dr. K.
Hinz, Bundesanstalt für Bodenforschung, Hannover.
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Abstract. Measurements of geothermal heat flow utilizing the oceanographic
probe technique were made in three Swiss lakes in June 1970. Effects of temporal
variations of water temperature over the preceeding 3 years are observed in
vertical temperature gradients measured to depths of 7 m in bottom sediments of
Lakes Zurich and Lucern. Corrections have also been estimated for the effects of
(1) inferred temperature changes associated with glaciation, (2) sedimentation
rates and (3) the steady-state topography and temperature anomalies of the lakes.
Corrections are less than 20% for most measurements except in Lake Lucern,
where the inferred high sedimentation rate results in a large (+60%) correction.
The corrected geothermal flux is estimated at about 1.6 ucal cm‘zsec—1 (HFU)
(67 m\Vm—2) in Lake Lucern, and about 2.6 HFU (109 m‘z) in Lakes Zurich
and Zug. The values are comparable to other nearby continental values in South—
central Europe.

Key words: Heat Flow —- Geothermal — Switzerland — Lakes.

Introduction

The association of high heat flow with active mid-ocean ridges and
island arcs (eng, Langseth and Von Herzen, 1971) suggests that tectonic
activity of the sea floor is closely related to dissipation of thermal energy in
the earth’s interior. Moreover, the time scale of the thermal decay associated
with the formation of mid~ocean ridges leads to a specific tectonic model of
that feature (McKenzie, 1967; Sclater and Francheteau, 1970).

Mountain ranges are one of the principal results of tectonic activity on
continents, and heat-flow measurements could help provide additional
constraints on tectonic models. Roy et al. (1968) have shown that heat flow
from the mantle and/or deep crust in the North American continent also
appears to correlate with tectonic provinces, after the measurements have
been corrected for upper crustal radioactive heat sources. The Alpine

* Contribution No. 3263 of the Woods Hole Oceanographic Institution.
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Fig. 1. Location map of Swiss Lakes. Heat—flow coringr stations shown as number-
ed dots. Lines with arrow patterns give locations of elevations and slope directions.
Irregular lines with arrows are major rivers and direction of How. Approximate
contours of lake depths at 100 m intervals below lake levels, from Landeskarte

der Schweiz, and Hsü and Kelts (1970)

mountain chain is the most visible expression of the most recent (early
Tertiary) major orogeny in Europe. Much of the tectonic development of
the Alps has been worked out from detailed geologic n'iappingr in Switzer-
land because of its central location. For the same reasons, heat-flow measure-
ments in Switzerland would be useful to correlate with this major tectonism.

Clark and Niblett (1956) and Clark (1961) made measurements of heat
flow in five Swiss and Austrian mountain tunnels. Later, Clark and Jäger
(1970) showed that the values require a large but uncertain correction to
remove the effects of erosion. Hanel (1970) has utilized oceanographic
techniques for heat—flow measurements in lakes of southern Germany. This
method has been shown elsewhere to be a relatively inexpensive way to
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obtain continental heat—flow data (Hart and Steinhart, 1965; Von Herzen
and Vacquier, 1967). The availability of numerous lakes makes this method
useful for Switzerland. This paper presents results from measurements in
June 1970 on three Swiss lakes: Zurich, Lucern, and Zug (Fig. 1).

Thermal Stability of Lake:

The oceanographic method for heat-flow measurements requires that
the deep lake waters have a stable temperature, or that any variations be of
the same order or less than the measured temperature differences in the
bottom sediments and be well known. Variations with periods of a few
months to a few years may significantly affect vertical temperature gradients
measured in the uppermost few meters of bottom sediments. Longer period
variations (10 to 104 yrs.) may also require corrections as discussed below.
In this section, we consider the shorter period variations which lead to
first order corrections of the gradients we have measured.

Deep—water temperature data are not available for all of the Swiss lakes,
and in some (eng. Walenstadt) the temperature variations appear to be so
large that the method is not feasible. Logistical considerations and rela—
tively small deep-water temperature variations led us to concentrate our
initial program on Lakes Zurich, Zug and Lucern. Time series of tempera-
ture measurements of the deepest bottom water, mostly at monthly inter—
vals, were available for all three lakes over periods of several years. They
were made by the district chemist of Zug for Lake Zug, by the Office for
Water Supply of the City of Zurich for Lake Zurich, and for the District of
Lucern under contract to EAWAG (Eidgenössische Anstalt für Wasser-
versorgung, Abwasserreinigung und Gewässerschutz). Two different meth-
ods were interchangeably used: sometimes the measurements were made
with an “Oxitester”, sometimes with a reversal thermometer. Both methods
provided an accuracy of about i.1°C, according to the sources of data.

The data are plotted for the period from July 1968 through 1971 (Fig.
2), therefore including the period of our heat-flow investigations. The data
from Lake Zug are intermittent, although it appears that the Lake Zug
temperatures were more stable than the other lakes during the period
before our measurements.

The extreme temperatures in Lake Zurich (Fig. 3), in which the most
extensive measurements have been made, show an amplitude of tempera—
ture variation which decreases rapidly with water depth to about 1.0°C
below 100 m. These fluctuations have a strong yearly component, as expect—
ed, but there are significant deviations from a simple periodicity (Fig. 2).
The yearly fluctuation of bottom water temperature appears to lag several
months behind that of air temperature.
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Fig. 2. Temperature variation of bottom water in the deepest parts of Swiss laltes.
Dots are the recorded data. Year numbers for horizontal scale centered over
January. Dashed curves are fits of simple functions to the data (see text). Vertical

bar above each curve indicates time of gradient measurements

Although the temperature fluctuations are irregular near the bottoms
of all the lakes, the principal variations may be approximated by simple
analytical functions. In the discussion below we consider the quantitative
effects on the sediment temperature gradients of these first order approxima-
tions to the observed bottom water temperature fluctuations. The data at
present do not justify a more exact treatment.
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Gent/Jerliml Gradient:

1. Apparatus

Two types of apparatus were used to measure temperature and vertical
temperature gradients in the bottom sediments of the lakes. Thermistor
probes were attached externally to a piston core barrel which penetrated
the bottom to a maximum depth of 7.5 m (6.3;. Gerard a! all, 1962). The
other apparatus consisted of 3 thermistor probes rigidly attached to a 1.9 cm
diameter probe which penetrated the bottom a maximum depth of 3 m.
With this apparatus, described by Von Heraen and Anderson (1972), no
sediment core is retrieved. Absolute temperatures are determined within
;{-_.02“C‚ and relative temperatures to about ;t.002“’C‚ for both types of
apparatus. The thermistor probes (0.3 cm diameter) attain thermal equi-
librium with the sediment to the precision of measurement within about
5 minutes after bottom penetration. A tiltmeter which indicates the tilt
of either type of apparatus within the ranges of 0 to 15", 15 to 30“, or
greater than 30“, was used on all measurements.
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2. Core Measurements

Geothermal gradients were determined at 12 localities in the lake bot-
toms. Six of these determinations were made with piston-coring apparatus,
two in each of Lakes Zurich, Zug, and Lucern (Fig. 1). This relatively
deep-penetrating apparatus with up to 5 temperature-sensing points allow-
ed determination of gradient changes with depth in the sediments. Relative
distances between thermistor probes are known to within i1 cm. Abrolm‘e
depths below bottom are estimated from the mud smear on the core barrel
and/or the extrapolation of sediment temperature gradient to the bottom
water temperature determined from an additional thermistor probe; they
have an estimated accuracy of about $0.3 m. The multiprobe measurements
proved important for deducing the equilibrium geothermal flux, because the
vertical temperature gradients were disturbed by bottom water temperature
changes before the measurements in Lakes Zurich and Lucern.

a) Lake Zuric/.2

Two piston-core measurements (Fig. 4), obtained in the deep central
part of Lake Zurich, clearly indicate a decrease of temperature gradient
with depth. The maximum curvature of the temperature vs depth relation—
ship is between 4 and 5 m depth. A trend of increasing thermal conductivity
with depth in some of the cores from the Swiss lakes may account for some
part of the gradient changes. Also, we must allow for uncertainties in the
coring procedures, and the exsolution of gases in cores which created some
problems for thermal conductivity measurements (see discussion below).
However, the variation of thermal conductivity with depth appears quite
insufficient to account for the observed downward decrease of gradient in
Zurich by a factor of 1.5 to 2.0.

Temporal variations in the bottom water temperature seem the most
likely cause of this depth variation of temperature gradient in Zurich. To
first order, this variation (Fig. 2) can be approximated by a sinusoidal
function T = T0 sinwz‘, for which the effect on temperatures at depth z
below the bottom is given by (Carslaw and Jaeger, 1959, p. 81)

T = T0 e—z" sin (wt— zk) (1)
where 2è = I/wZËoc, a) = a

f is the frequency of oscillation, and oc the thermal diffusivity. In models
discussed for all the Swiss lakes, oc is taken to be 2 >< 10‘3 cm2/sec as deduced
from thermal conductivity values (Table 2; Von Herzen and Maxwell, 1-959).
Although thermal conductivities, and presumably diffusivities, vary be-
tween stations, this approximation produces relatively small uncertainties
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for corrected temperatures. The uncertainty of corer penetration (2:0.5 m)
is more serious for these corrections, especially for the uppermost temper-
atures; for this reason, the deepest temperature-depth points are given
greater weight in bounding the temperature corrections.

Lake Zurich temperatures have been approximated by a sine function
of 1 year period which has an origin (2‘ = O) at mid-August, and an ampli-
tude T0 = 0.3“C. The temperature influence on the sediments at the time
of our measurements (June 1970), as calculated from Eq. (1), is shown in
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Fig. 5. Temperature and thermal conductivity measurements in Lake Lucern.
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Fig. 7a. The corrected temperatures (Fig. 4) are much more nearly linear
with depth than the uncorrected ones, suggesting that the correction is in
the right direction, even if this simple model does not fit the water temper~
ature data in detail. The bottom water temperature at station 3 is close to
the minimum recorded at this depth for Zurich (Fig. 3); the difference
between stations 3 and 4 is probably due principally to a horizontally
layered structure of water temperature.

At sta. 3, the gradient based on 5 corrected temperature vs. depth data
points is the same as that computed from the uncorrected data of the 3
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lowermost points (Table 1). The corrected value of the shallowest data
point at Sta. 4 is not consistent with the others, and has therefore been
omitted from the gradient computation.

b) Lake Lucern
The piston-core measurements in Lucern (stations 6 and 7, Fig. 5) show

a decrease of gradient with depth similar to Zurich, with maximum curva-
ture in the temperature vs. depth curve at similar depths. The gradients are
generally lower in Lucern than in Zurich by perhaps a factor of 2. Bottom
water temperatures are higher in Lucern, and at Station 7 the water temper-
ature increases with depth in the deepest several tens of meters. The
minimum water temperature at Station 7 is the same as that measured at
Station 6, within the accuracy of the measurements. Stations 6 and 7 are
in different arms of Lucern (Urnersee and Beckenried, Fig. 1) which are
separated by a topographic ridge with a sill depth at or less than the depth
of minimum water temperature. The difference in bottom water tempera-
ture between the two stations probably is associated with density stratifica-
tion of the deepest waters.

The two arms of Lucern show rather different fluctuations of bottom
water temperature (Fig. 2). In Urnersee, a drop of about 05°C in January
1970 is superimposed on irregular fluctuations of smaller amplitude. Hence,
to a first approximation we assume a model of a step change in temperature
of T0 = 05°C. The subsequent temperature distribution is given by
(Carslaw and Jaeger, 1959, p. 63)

T: T0 erfc———
ZVÎ (Z)

œ

2
where erfc y: —:nef 7124'77

y
the complementary error function, and the symbols are the same as for Eq.
(1)-

The temperature drop in Urnersee occurred in January 1970, approxi—
mately 5-1/2 months before our gradient measurements. The calculated
effect of a step change of. 05°C at this time on the sub-bottom temperatures
at the time of our gradient measurements (Fig. 7b), as determined from
Eq. (2), is about twice as large as required to produce a nearly constant
gradient with depth (Fig. 5). The corrected gradient of Station 6 has been
computed as the efl'ect of a step change of only 0.25 oC. Part of this discrep-
ancy may be due to the errors inherent in the measurement of bottom
water temperature. Alternatively, the simplified analytical model may not
be adequate to fit the detailed water temperature data.
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In the Beckenried arm of Lake Lucern, the bottom water temperature
variation appears, to first order, as a sine wave of period about 2.5 yrs. and
amplitude 02°C, with an origin time near the beginning of January, 1969.
The temperature disturbance with depth at the time of the gradient meas-
urement (June 1970), calculated from Eq. (1), is given in Fig. 7c. Applica-
tion of this correction to the observed data does not correct for the non—
linearity of the temperature gradient, and also results in an overall low
gradient (Table 1). The linearity of the gradient determined by the lowest
3 temperature measurements is improved by assuming a step function
variation, as in Urnersee, but the computed gradient is even lower. Indeed,
the correction for any step decrease in water temperature will decrease the
already low gradient determined from the deepest temperature measure-
ments of this station. A correction due to a sine variation of about 1 yr.
period also improves the fit to the lowermost 3 points (Fig. 5) and in addi-
tion gives a higher gradient (Table 1). For these reasons, we prefer this
latter correction to obtain a heat-flow value. An even better fit might be
obtained with a sine variation of somewhat longer period. However, we
do not feel that our limited data justify a more exact treatment, especially
since the temperature points used for gradient determination have depth
uncertainties of perhaps 1/2 m, and the corrections due to bottom water
temperature changes are sensitive to depth.

It is somewhat puzzling why the bottom water temperature fluctuations
in the different arms of Lucern should appear so different. The greater
amplitude of variation in Urnersee vs. Beckenried may be related to the
distribution of water sources and sinks in this morphologically complex
lake. The principal source is at the south end of Urnersee and the principal
outflow at Lucern. Any flow of deep water between Urnersee and Becken—
ried is probably inhibited by the topographic sill near the bend between the
two arms of the lake.

c) Lake Zug

The two piston core measurements in Zug (Sta. 9 and 10, Fig. 6) show
relatively uniform gradients at each site. At Sta. 9, the gradient measured
between 3.5 and 6.5 m depth is somewhat smaller than that measured
above 3.5 m. Although the bottom water temperature record for Lake Zug
is not as complete or as accurate as for the other lakes, it suggests a linear
decrease from January 1970 until our measurements (June 1970). The result-
ant temperature distribution in the sediments is given by (Carslaw and
Jaeger, 1959, p. 63)

= .'2 __z__ (3)T
T04zerf621/Ît
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Fig. 6. Temperature and thermal conductivity measurements in Lake Zug.
Symbols same as Fig. 4. “Corrected” temperatures given by Eq. 3 (Fig. 7d)

where igerfc is the second integral DE the complementary error function
(eng. Carslaw and Jaeger, 1959, Appendix II). To is here the total change DE
temperature («—0.250C) from t = 0 until the date DE measurement. With r =
6 months (January to June, 1970), Fig. 7d represents the temperature
distribution calculated from Eq. (3).

The temperature distribution in the bottom sediments DE Lake Zug,
corrected for such a linear bottom water temperature change, should show
the marked curvature with depth indicated by the dashed lines DE Fig. 6. In
fact, the calculated curvature and reversed gradient near the surface are not
observed on an}:r DE the Zug measurements. \We note that the suggested
linear decrease DE water temperature is based on only two measurements DE



154 R. P. Von Herzen at a}.

Relative Temperature (”Cl

~0_.s -0_.2 "0-1.. o at D2 a1 a2 0.3 at. 0.5
‚44'

0 .

E 7‘-
Ë. -Ü‚12--D.OB --0.0t. 0 0.05» 0.08

6;-

? Ï.

Fig. î. Theoretical temperature disturbances below lake bottom caused by fluctua—
tions in bottom water temperatures, To. Thermal diffusivitv, at, assumed .002
cmïfsec. (a) Sinusoidal variation of amplitude Tu 2 0.39€, period = 1 yr.,
phase = 10 mo. (from Eq. 1); (b) 5.5 mo. after step change DE T = 0.5”C (from
liq. 2); (c) Sinusoidal variation DE amplitude To = 02°C, period = 2.5 1,11,
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questionable qualit}.I from January to June 1970. As thermal conductivity
also appears to be relatively constant with depth, except for perhaps in-
creased values at the bottom DE the Sta. 9 core, we have made no corrections
to the measured gradients at stations 9 and 10 to obtain heat-flow values.

3. Short Gum.) Probe Measurements
Short probe measurements were carried out in Lakes Zurich and Zug.

In Zurich, two successive penetrations DE the probe at the same station (44: 2)
resulted in the same gradient, within the uncertainty DE measurements. This
station is located close to Sta. 3 (Fig. 1). In both measurements at Sta. 2
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the gradient decreases with depth and is of the same magnitude (within 10%
as the results obtained at piston core stations 3 and 4. The gradient changes
with depth confirm those found at the piston coring stations, but are only
of limited value for independent determinations of the geotheral flux;
they are not discussed further here.

In Zug, measurements at 4 locations in profile across the deepest portion
of the lake (Fig. 8) show relatively constant gradients with depth at each
station where 3 probes penetrated the bottom (Table 1). At Sta. 15, only the
upper thermistor probe recorded on scale, indicating a significantly higher
gradient compared to the other stations of the profiles. The shallower depth
and dificrent bottom water temperature at this station suggest that this
gradient may be afiected by fluctuations in bOttom water temperature.

The gradients at the other 4 stations are quite comparable to those
measured with the piston coring technique and are constant with depth
at each station over two intervals, confirming the assumption that bottom
water temperature changes within the several months preceding the
measurements did not significantly afl'ect the gradient. The gradients vary
systematically across the profile (Fig. 9) such that values measured at the
edges of the central basin (Sta. 11 and 14) are about 50% larger than those
measured in the center (Sta. 13). This geographic variation of gradient is
probably best understood by the steady—state refraction of heat through the
sedimented basin of Lake Zug. as discussed below.
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4. Other Corrections to the Measured Gradients

a) Cli'mez‘ir Variations

I) Glacial Efled. The alternation of glacial and interglacial stages over
the past 10ß years (Quaternary) must have been associated with changes in
surface temperature in temperate latitudes. Except for the end of the last
glaciation about 104 years ago, these variations are sufficiently far in the
past to have had 0111),.r a negligible effect on the present temperature gradients.
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Since the ice cover of the last glaciation in the northern part of Switzer~
land originated locally in the Alps (Brinkmann, 1960), the ground surface
under the ice was probably about 0"”C or perhaps somewhat lower. The
subsequent climatic warming must have brought the water of the lakes to
higher temperatures so that the highest density water (4"“C) would remain
just above the bottom, thereby relatively well insulated from temperature or
climatic changes. Thus we make the simple assumption of a step change of
about 40C which occurred about 104 years ago at the end of the last glacia-
tion. By applying Eq. (2) for these conditions, the temperature gradient
would be decreased by 0.0089f‘C/m. The gradient disturbance caused by
this effect decreases with depth, but is constant within 2‘}; in the upper 10 m
due to the long time period involved. The relative correction for each
measurement is tabulated in Table 2.

2) Iatererea’feee Perfect“ (10 m 703 yr) Veriez‘iem. \We also need to assess
the possibility that climatic variations associated with temperature changes
in the period range of 10 to several thousand years may have affected the
measurements. The larger gradients in Lakes Zurich and Zug, for example,
might possibly be caused by a drop in water temperature during that period
range before the measurements. The magnitude of the temperature drop
required to produce that part of the gradient in excess of normal for these
lakes, about .OTOC/m, is computed from Eq. (2), summarized as follows:

Temperature drop AT at time t before
present required to produce temperature

gradient of .OYOC/m

e AT

10 yrs. 1.0 DC
100 yrs. 3.2 DC

1000 yrs. 10 DC

We have obtained monthly data on bottom water temperatures DE Lakes
Zurich and Zug which extend back to about the year 1950. Other than annual
or shorter period fluctuations, there appear to be no systematic changes in
bottom water temperature over this period for either lake, within the
accuracy DE the measurements (about 0.1"'C). Hence, we conclude that no
more than perhaps 10% DE the excess gradient above normal in the lakes can
be explained by water temperature changes in the period range of a few
“years to a few tens DE years.
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Although quantitative measurements are lacking, we are not aware of
any recorded significant changes in climate over the past several hundred
years which might have affected the lakes. To have a similar effect on the
temperature gradient, fluctuations 200 years ago would have to be several
times greater than those at 20 years; we believe this is unlikely, but a
reliable method to assess temperature variations for this period range is
needed. The largest uncertainty may be for the period of several hundred to
several thousand years ago for which we have no recorded climatic history.
Nevertheless, the changes required to account for the excess gradient would
have to be of the order of 10°C or more, which would have implied a very
warm lake indeed for the latitude of Switzerland. It seems more probable
that the melting of ice, either within the lakes or from their influxes, has
always had a continuous stabilizing eflect on the deep lake temperatures
since they were formed.

b) Sedimentation Rate

Sediments deposited on the lake bottoms will reduce the heat flux
measured because part of the heat from below will be used to warm the
sediments as they are buried. The sedimentation history of the Swiss lakes
is uncertain principally because the origin of the lakes themselves is un~
certain. In Lake Zurich, the most extensively investigated of the Swiss
lakes, the sediments have a maximum thickness over molasse basement
rocks somewhat more than 100 m., from seismic evidence (Hinz et al., 1970).
The average sedimentation rate over the past 104 years or so, determined
from dating of sediment cores (Lüdi, 1957), is about 0.6 mm/yr. Hsü and
Kelts (1970) have advanced arguments to conclude that total thickness of
sediments has been deposited over the last 350.000 yrs. at a similar rate,
principally during the last interglacial stage. There is a possibility, although
less probable, that all the sediments were deposited since the end of the last
glacial stage, about 104 years ago.

The cases of constant sedimentation rate and sudden deposition have
been considered by Von Herzen and Uyeda (1963) (after Carslaw and Jaeger,
1959, p. 388) and by Birch et al. (1968). The formulas are somewhat dif-
ferent, but give similar results near the surface of the accreting layer.

Although the cores from the Swiss Lakes show evidence of suddenly
deposited turbidity flows several cm thick, the model of constant sedimenta-
tion rate over time scales of several hundred years or longer seems more
correct. Calculations with the formula of Von Herzen and Uyeda (1963,
Eq. 2) show that if the time, 2‘, since initiation of sedimentation is less than
about 106 years, and the sedimentation rate, U, is smaller than 1 cm/yr, the
temperature gradient does not sensibly depend on depth within the upper-
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most few m (Hänel, 1968). Neglecting heat generation within the sediments,
the formula given by Von Herzen and Uyeda can thus be simplified as

1
(8T

2
7g—

ä?)
z = 0

= (1+ 2 12)erfc r—
17;

“ye—'2 (4)
= 4 2'2erfc r

U t 1/2 . . . .Where T = Î (Ë) , a d1men51on1ess parameter, g = undisturbed gradient

before sedimentation, oc = thermal diffusivity.
If the 100 m or more of sediments in Lake Zurich began to be deposited

350,000 years ago, the average sedimentation rate to the present would be
U = 0.35 mm/yr. Assuming an average oc for sediment and underlying
rock of .004 cm2/sec (both are involved in the transient thermal process),
and ignoring the changes in sedimentation rate which probably occurred
between glacial and interglacial stages, Eq. 4 gives a relative thermal
gradient (compared to the undisturbed value), of 0.94. If we assume that
the presently observed sedimentation rate, 0,6 mm/yr, commenced about
10,000 yrs ago, the gradient at that time would now be reduced by the
factor 0.96. Therefore, depending on the sedimentation history in Lake
Zurich, it appears that the measured heat How should be increased by 5 to
10% to account for this effect.

More extreme assumptions may be made about the sedimentation
history, such as all the sediment being deposited over the last 10,000 yrs,
either at a constant rate (1 cm/yr) or suddenly at the end of the last glacial
stage (moraineP). In these cases, the reduction in heat flow would be by
factors of 0.62 and 0.75, respectively. Thus the measured values would
need to be increased by 1/3 to 1/2 to correct to steady-state conditions.' Because the measured heat flow in Lake Zurich is already about twice
normal, it seems unlikely that these more extreme sedimentation models
should be considered.

The critical seismic evidence is not available for Lake Lucern, although
the steep sides of the lake suggest that the sediment thickness may reach
600 m or more (see Appendix 2, Fig. 11). The increased rate of sedimenta—
tion could be provided by erosion of steep slopes locally, and by the rela-
tively large Reuss River which drains the central part of the high Swiss
Alps (Gotthard) where erosion is undoubtedly severe. The deposition of
such a sediment thickness over the last 350,000 years gives an average
sedimentation rate of 1.7 mm/yr, about 3 times the rate for Lake Zurich.
For these parameter values, Eq. (4) gives a reduction in heat flow by a
factor of 0.75. If the sediment should have a thickness of 1 km, the factor
would be 0.55. Again, the heat—flow reduction would be severe if the sedi-
ment were all deposited in the last 104 years, which we consider unlikely. To
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be conservative, we have chosen a correction for the Lucem measurements
(Table 2) which is closer to the model with 600 m of sediments. Even so, it
is the largest part of the correction to the measured gradients.

Neither do we have seismic data for Lake Zug, although the topo—
graphy and setting seem more similar to Zurich than to Lucern. By im
ference, the sedimentation rates in Zug are also probably more similar to
Zurich, and the same sedimentation rate correction has been assomed
(Table 2).

c) Lake Basia Geometry and Regional Temperature Anomaly
As a result of their location in a topographically anomalous setting

(valley), and average bottom temperature which may differ from that of the
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Fig. 10. Cross-section of 2-dimensional model of Lake Zurich, along a profile
through Thalwil — Erlenbach (strike 070°). Topography above lake level from
Landeskarte der Schweiz, Blatt 32 (Beromiinster); lake bottom and sediment
thickness from Hsii and Kelts (1970). Sediment thermal conductivity assumed
2.0 m cal/DC cm sec, uniform; thermal conductivity of rock basement (molasse)
assumed 5.0 m cal/0C cm sec. Stepwise approximation to topography and sediment
layers (cross-latched) used for numerical calculations of heat flow (Appendix 2);
vertical grid = 20 m., horizontal grid = 100 m. Numbers are examples of mean
terrain temperatures (DC) used in calculations. Relative heat flow through upper
grid surface resulting from numerical calculations given by circled points con-
tinued by solid line (assuming sediment as shown), or by x symbols, smoothed

as the dashed line (no sediment assumed)
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surrounding terrain, the steady geothermal flux through the lake bottoms
may differ systematically from the regional average. The magnitude of this
diHerence depends on the elevation differences and topographic slopes of
the valley, and the magnitude of the temperature anomaly. Hanel (1970)
used numerical techniques on radially symmetrical models of several German
lakes to show that apparent heat fluxes are greater than the regional values
by factors ranging from 1.15 to 2.7. The highest factors were obtained from
extremely steep valley slopes, up to 45°. However, the compensating effects
of bottom sediments of relatively low thermal conductivity were not
considered. We have carried out numerical studies for 2-dimensional models
of two of the Swiss lakes (Zurich and Lucern), taking into account the
variation of temperature, topography, and sediment distribution (Appendix
2)

The results for Lake Zurich (Fig. 10) show that the heat flow at the
center is approximately the same as the regional value, and that the surface
heat—flow transition across the lake margin is rather smooth. Computed
variations within the lake range over approximately i201?ü of the regional
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Fig. 11. Cross-section of 2-dimensional model of Lake Lucern (Beckenried),
along a profile through Gersau — Emetten (strike 175°). Topography from
Landeskarte tier Schweiz, Blatt 37 (Briinigpass); sediment: basement interface
extrapolated from topographic slopes near lake shore. Vertical grid step = 60 m.,
horizontal grid step = 100 m. Other parameters and symbols same as for Fig. IÜ
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value, depending on location, and are smoothly varying. The neglect of
sediment in the lake leads to a computed value at the center (x symbols)
which is about 25% higher than the regional value (Hanel, 1970). There is
also a sharp heat—flow contrast at the lake shore, due to the temperature
contrast between lake and terrain. Apparently the sediment cover nearly
cancels these effects for Lake Zurich.

The heat-flow pattern is similar for a comparable model of Lake Lucern
(Beckenried) (Fig. 11). The steeper topographic slopes and probable
thicker sediments give larger heat—flow anomalies than in Lake Zurich.
Although without sediment the topographic and temperature effects would
give a 25% enhancement of the regional flux at the lake center, similar to
Lake Zurich, the inclusion of sediment decreases this to about 15% below
the regional value. The profile for Zurich (Fig. 10) shows that bedrock
(molasse) slopes beneath the lake are greater than the adjacent topographic
slopes above lake level. Extending this observation to Lake Lucern, we
have also made computations for models in which the sediment thickness
there is about 1 km; the heat flow at the lake center is decreased about 20%
from the regional value.

We have not made detailed studies for the Urnersee arm of Lake Lucern,
nor for Lake Zug. In Urnersee, the adjacent topography appears quite
similar to that of Beckenried, so that similar results are expected. The
profile of the section across Lake Zug (Fig. 9) is somewhat asymmetrical,
and extrapolation of the adjacent slopes down into the lake basin implies a
sediment thickness of 100 to 200 m. The topographic plan of the southern
Zug basin (Fig. 1) tends to be more 3—dimensional than the other lakes
studied, although there is still an obvious N—S lineation. Nevertheless, the
general physical configuration, and hence presumably the heat-flow correc-
tion, of Zug appears more similar to that of Zurich than of Lucern. The
corrections for the Zug measurements (Table 2) are estimated by comparing
the station locations (Fig. 9) with the computed relative heat-flow variation
in Zurich (Fig. 10).

We emphasize that these lake models are assumed to be in steady-state,
whereas both the temperature anomaly and the sediment distribution are
transient. We have discussed a temperature change in the lakes of about
4°C, accompanied by a similar change on the surrounding terrain perhaps
twice as large, associated with the end of the last glaciation about 104 years
ago. The bottom sediments of least Lake Zurich have been filled in over
the past 350,000 years. The transient effect of the temperature anomaly,
which because of its more recent origin is probably more important, can be
estimated from Eq. (2). One—half of the temperature change T0 at the
surface will be seen at a depth z given by W; this may be considered the
“skin depth” for a temperature change at the surface. For oc = .01 cm2/sec
(basement rock) and z‘ = 104 years, we obtain z ; 500 m. This is comparable
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to some of the Swiss lake basin depths, and since the half-widths of the
lakes range between 0.5 to 1.5 km (Fig. 1. 10, 11), the full efiect of the present
temperature anomaly would not be seen in gradient measurements in the
lake bottom.

The time interval represented by the previous glacial stage (1 to 1.5 X
105 yrs) has a “skin depth” of nearly 2 km, as do the previous interglacial
stages of comparable duration. Without a more elaborate model, it is
difficult to predict the exact effect on lake temperature gradients of the
present surface temperature regime superimposed on the complete previous
temperature history. Somewhat arbitrarily, we assume that one-half of the
anomalous effect computed from steady-state numerical models based on
present surface temperatures is seen on the lake bottoms (Table 1).

d) Co/nbz'nod Correction

In Table 1, we have simply added the calculated effect of each correction
discussed above to obtain a total correction at each station. Although the
origins of the various corrections are quite distinct, it should be recognized
that there will be, in general, mutual non—linear interactions between the
different sources of the corrections through the heat equation. An exact
total correction is probably attainable only through a numerical solution of
the complete boundary conditions. We have generally attempted to be
conservative in assignment of corrections; except for the measurements in
Lake Lucern, the total corrections are less than 20% of the measured value
at each station (Table 1).

Tnernzn/ Condnotz'oz'ty

Thermal conductivity was measured with the needle probe method
(Von Herzen and Maxwell, 1959) in the laboratory on sediment cores
recovered within plastic liners. All measurements were made within two
weeks after core recovery at intervals of 10 or 20 cm. The results are
presented in Figs. 4, 5, and 9 as conductivity profiles, and in Table 2 as
mean values over depth intervals.

The measurements and visual inspection on core sections showed that
cavities created by exsolution of gases from interstitial waters were numer-
ous in some sections. These cavities were likely caused by the decrease in
hydrostatic pressure and the increase of ambient temperature after core
recovery. The cavities were generally of elliptical shape, with the major
axes parallel to the direction of stratification of the sediment, but occasion—
ally appearing as irregular fissures.

Such cavities may afiect the conductivity measurements when the needle
probe measurement is nearby because of the contrast in molecular con-
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ductivity of gases (about 5-10-5 cal/cm sec °C for air) compared to sediments
(about 2.10'3 cal/cm sec 0C).

All measurements which showed a non—linear relationship of tempera-
ture vs. logarithm of time, or a wide scatter of data points, were eliminated
from figures and further calculations. Some measurements plot linearly but
the calculated value for the conductivity is less than that of water, which is
most likely also caused by included gas. These values, and some others
rejected for various reasons such as obvious dehydration of the core, are
indicated in the figures with an x symbol, but are omitted in further calcula-
tions. It is difficult to estimate quantitatively the effect of cavities, but their
presence suggests that the higher values are more reliable.

The mean conductivity values in Table 2 were calculated as the recipro-
cal of the mean thermal resistivity of the measurements over one meter
intervals of the core length. The number of values on which the mean and
the standard errors were calculated varies between 4 and 11 but is usually
8 i 1. The coring technique has probably caused some loss of core material,
and the top 30—50 cm were frequently lost on recovery due to the high
water content and soupy texture. Figs. 4, 5, and 6 suggest that an uncer-
tainty of as much as 2 m may exist in the depth correlation of gradients and
conductivity measurements.

Dira/552'072 of Heat—Flow Values
The corrected heat—flow values are given in Table 3. Station values are

grouped closely for each lake. In Lake Zug, which has the most extensive
measurements, the values form a systematic pattern with the lowest values
towards the center (Fig. 9). The pattern appears significant even though
most of the values fall within the range of the estimated uncertainty, because
most of the uncertainty is the same for all values due to regional effects.
The systematic variation may suggest that the correction assumed for the
steady~state topography and temperature anomaly (Column T, Table 1) is
not large enough, in which case the equilibrium heat flow for Zug may be
closer to the values at stations 9 and 13, about 2.4 ucal/cm2 sec (HFU).

The Lucern value is within the range of the continental averages, but
has a larger uncertainty because of the larger corrections, principally due
to a high sedimentation rate, inferred for that lake. Geographically, the
measurements in Lucern are located only 10—15 km south of those in Zug
(Fig. 1). Except for geothermal regions (ag. Blackwell and Baag, 1973), it
seems surprising that such large difierences in heat flux would occur over
such short distances on continents. Possibilities to reconcile the values are:
(1) The influence of sediments in reducing the steady-state correction has
been over-estimated in Zurich and Zug; instead, the steady—state correction
should be much more negative, similar to models developed by Hanel
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Table 3. Summary of Heat-Flow Measurements

Position Watera Temp. Therm Heat
Sta. No. Lat (N) Long (E) depth grad.‘D cond.c flovvd

(m)
3 (Zurich) 47°16.8’ 8°36.0’ 130 .135 2.01 :l;7°/O 2.71 i.31

(0.84) (113 i115)
4 (Zurich) 47°15.7’ 8°38.0’ 120 .132 1.98 i60/O 2.61 i.70

(0.83) (109 i29)
6 (Lucern) 46°57.7’ 8°36.2’ 200 .076 2.09 i5% 1.59 i .64

(0.88) (67 i27)
7 (Lucern) 46°58.8’ 8°31.0’ 214 .086 1.96 i40/0 1.69 i103

(0.82) (71 i43)
9 (Zug) 47°5.8’ 8°29.2’ 187 .117 2.00 i60/0 2.34 j; .26

(0.84) (98 i11)
10 (Zug) 47°5.2’ 8°30.3’ 197 .114 2.20 i90/o 2.51 i.34

(0.92) (105 i 14)
11 (Zug) 47°5.5’ 8°30.5’ 178 .142 (2.1) :13100/0 2.98 i.32

((0.88)) (125 j; 13)
12 (Zug) 47°5.4’ 8°30.2’ 194 .129 (2.1) i100/0 2.71 j; .34

((0.88)) (113 i14)
13 (Zug) 47°5.3’ 8°29.6’ 199 .112 (2.1) 3|: 10% 2.35 i.35

((0.88)) (98 i15)
14 (Zug) 47°5.5’ 8°29.0’ 195 .141 (2.1) :1: 10% 2.96 j; .32

((0.88)) (124 i13)

a Water depth from metering sheave at sta. 11, 12, 13, and 14; deduced from
contoured maps or other measurements for other stations.

b Units of °C/m, corrected for glacial, sedimentation rate, and heat—flow
refraction effects, from Table 1.

0 Units of mcal/°C cm sec or W/m‘lK"1 (parentheses). Error given as i stand-
ard deviation of appropriate depth interval values of Table 2, With additional i2%
possible systematic error. Values for stations 11 through 14 assumed from nearby
stations.

d Units of 10’6 cal/cm2 sec or mW/m'2 (parentheses). Uncertainty (i) from
Appendix 1.

(1970). (2) Diflerent water temperature fluctuations of intermediate period
(10 to 103 years) have produced diflerent apparent gradients between the
lakes. (3) The influence of sedimentation rate and the steady-state effects of
sediment fill in Lucern has been over-estimated. The possibilities that
sedimentation rate and sediment thickness effects have not been properly
evaluated may be resolved by seismic reflection studies planned in the near
future.
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On the other hand, the differences in heat flux between lakes may be
real. We note that Zug and Zurich are located in the molasse formation,
whereas Lucern is in the northern front of the Alps proper (Commission
de la Carte Geologique du Monde, 1962). It may be that these formations
or their underlying crystalline basements contain different amounts of
radioactive elements. Birch and others (1968) found a close correlation
between heat flow and radioactive heat production in rocks at closely
spaced measurements in New Hampshire, USA. It would be important to
establish if a similar correlation exists in Switzerland and Europe between
crustal radioactivity and heat flow, as has been found in North America
(Lachenbruch, 1968; Roy et al. 1968). Carefully located borehole measure—
ments are probably the best means to establish this; if located sufficiently
close to the Swiss lakes in which we have measured, they would also serve
to calibrate these measurements.

The 10 new heat-flow values of this study (Table 3) represent a signifi-
cant addition to the data for Switzerland. Previous measurements have been
made in five railroad tunnels of the Swiss and Austrian Alps (Clark and
Niblett, 1956; Clark, 1961). Subsequently, Clark and Jaeger (1969) have
corrected the equilibrium heat flux in three of the tunnels for erosion rates
in the Alps. The corrections amounted to 30 to 50% reductions in the
measured values for erosion rates up to 1 mm/yr (1 km/m.y.), which have
a large uncertainty.

We have not corrected the heat-flow values in the Swiss lakes for erosion,
partly because we do not have data for quantitative estimates. Nevertheless,
it seems improbable that erosion rates over the past several tens of m. y.
could be nearly a large as those for the high Alps. The lake valleys have
obviously been eroded (and probably created) by glaciers over the past 106
years, but the effect of such erosion on the surface heat flux is probably more
than compensated by subsequent infilling by sediments.

Perhaps the most notable feature of the heat-flow values presented in
Table 3 is the relatively high average. The averages for each of Lakes
Zurich, Lucern, and Zug are 2.66, 1.64, and 2.64 ucal/cmzsec (HFU),
respectively. The average of these values is 2.31 HFU, compared to a
continental average of 1.5 HFU; we consider this difference to be signifi-
cant.

The values for Lakes Zurich and Zug are comparable with values in
other lakes of South-central Europe (Hänel, 1970), especially if the cor-
rections for sedimentation rate and sediment thickness in these other lakes
are similar to those we have calculated for the Swiss lakes. Similarly high
values have been measured in boreholes in southern Germany (Fig. 12).
The higher values in South-central Europe may be related to the relatively
recent Alpine orogeny, although the problem remains as to why the values
in the central Alps are not similarly high.
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Fig.12.Heat-flow values (in 10 5 cal/cm2 sec.) of south-central Europe (after
Haine], 1970, Fig. 8). Approximate axis of Alps shown as heavy dashed line; larger

lakes of Alpine Region also outlined

As yet, the heat—How data of South—central Europe are insufficient to
deduce significant geographical variations, if any. High values, up to
several times normal, have been obtained by oceanographic methods in the
Tyrrhenian Sea to the south (Erickson, 1970); these may be related to the
high value and geothermal area at Ladarello, Italy (Fig. 12). Other deep
lakes in the northern Italian Alps may be useful to deduce the distribution
of geothermal flux across the Alps, which are central to the tectonic develop—
ment of this region.

Aréaaarfadgemeatr. We are grateful to U. Zimmermann (Wasserversorgung der
Stadt Zurich) and H. Ambuhl (EAW/AG, Dubendorf) for temperature records
of Lakes Zurich and Lucern, respectively. The successful measurements depended
heavily on the valuable assistance of several persons, including U. Briegel for the
design of the coring apparatus, K. Ghilardi for the skilled construction of our
corer and field equipment, and K. Kelts for coordination of the field program and
laboratory analyses. Their assistance and suggestions were invaluable throughout
the field program. H. Laubscher (Geological Inst. University Basel) also provided
Support. A. Erickson, J. Sclater, and two anonymous reviewers provided useful
critical comments of an early version of the manuscript.

45



|00181||

Heat-Flow Measurements in Swiss Lakes 169

We acknowledge financial support of grant (EA-16078 of the U.S. National
Science Foundation (RVH), and grants from the Swiss Nationalfond (KJH) and
the Arthur Day Fund of the U. S. National Academy of Sciences.

Appendix 7: Computation of Heat—Flow Uncertainty

The computation of heat flow is the product of the independently
measured temperature gradient and thermal conductivity at each station.
The uncertainty in gradient (EG) is computed as the sum of the following
(Table 3):

(1) Uncertainty in the measured temperature gradient, as listed in
Table 1 (%).

(2) One half the difference between the measured temperature gradient
and that corrected for bottom water temperature changes, if any, as a
percentage of the average of these.

(3) One half the total correction (Table 1, column 9) for glacial (G),
sedimentation rate (5), and topography and temperature anomaly (T) effects.

The uncertainty in thermal conductivity (Hg) is that listed in Table 2.
The heat—flow uncertainty is computed as

EH = V(Ea)2+ (BK)2

Appendix 2: Corrooz‘z'om 2‘0 the Heat F/ow from Ninneriml Mode]:

Lakes are usually thermal and topographic anomalies in the regional
terrain, which causes the heat flow through their bottoms to vary regionally
and locally as a function of their anomalous characteristics. Hanel (1970)
developed a numerical solution for lakes with approximate radial symmetry
and with a mean temperature difference between the lake and regional
terrain. However, he did not include a contrast in thermal conductivity
between bottom sediments and underlying rock which seems to be a
significant factor in corrections for heat flow in these Swiss lakes.

Because the Swiss lakes, particularly Zurich and Lucern, have relatively
large length: width ratios, we have modified a 2—dimensional model develop-
ed for sea floor values (Sclater and others, 1970) to include a mean tempera-
ture difference between the lake and regional terrain, and also a variation of
temperature corresponding to elevation changes of the terrain.

The mean lake temperatures were estimated from the temperature vs.
time data available for lake bottom waters (Fig. 2), and from temperature
vs. depth data in the lakes (Fig. 3). In all of the lakes in this study, the mean
temperatures below 50 m depth ranged between about 4.5 to 55°C. From
meteorological station data and climate maps (Imhof, 1962), we have
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derived a mean temperature difference of 5.0°C between the lakes and the
surrounding terrain at lake level, which is comparable to the 4.5°C dif—
ference assumed by Hanel (1970) for lakes in southern Germany. The rate
of change of temperature with terrain elevation has been assumed as
—4.7°C/km, a value derived from a study of heat flow in a nearby region
of the Swiss Alps (Clark and Niblett, 1956).

The model used for computation and its results for Lake Zurich are
given in Fig. 10. Some scatter in the computed heat flow is caused by the
numerical grid steps in topography and bedrock boundaries. A sediment
mantle appears over most all of the lake bottom, generally increasing in
thickness with depth (Hsü and Kelts, 1970). Bedrock (molasse) is assumed
to outcrop on the terrain, although the overall heat-flow pattern would not
be changed significantly by a uniform, thin cover of lower conducting soil.
Because of approximate profile symmetry to either side of the lake axis, only
the southwest side (Thalwil) of the topography has been modeled. The
numerical results show that the inclusion of terrain topography beyond
(southwest of) that shown in the grid model has a negligible effect on the
magnitude or pattern of heat flow in the lake.

A similar model has also been used for computations for Lake Lucern
(Beckenried), illustrated in Fig. 11. In Lucern, we have seen only unpub-
lished seismic reflection data for the Urnersee arm which does not show
any clear basement reflections. The basement surface in our model has
been estimated by downward extrapolation of topographic slopes above
lake level, resulting in a total sediment thickness of about 600 m. The
increased thickness compared to that of Zurich is consistent with the
greater width, steeper side slopes, and the greater sedimentation rate of
Lucern (K. Kelts personal communication). Note that this extrapolation
places the deepest part of the bedrock surface below present sea level, a
feature also found in Lake Thun from seismic evidence (Matter et 41., 1971).
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Makroseismische Abschätzungen von Herdparametern
österreichischer Erdbeben aus den Jahren 1905-1973

A. Franke und R. Gutdeutsch

Lehrkanzel für Geophysik der Universität Wien

Eingegangen am 12. Dezember 1973

Macroseismic Estimations of Parameters of Austrian Earthquakes during
the Period 1905 — 1973

Abxtract. 72 earthquakes occured in Austria in the period from 1905 to 1973
with maximum intensities [0; 5,5° MS. 48 of them are found to be suitable for a
macroseismic estimation of focal depths. The estimation is carried out under the
assumption

„O
e—br

__
ra

u = maximum acceleration H= focal depth
r = focal distance = |/ H2+A2 A = epicentral distance.

The evaluation shows that in most cases 17 is approximately zero. The foci
predominate in the region of the upper crust, down to Hg 11 km. 180/0 of the
hypocentres lie in deeper parts of the earth crust. Using the data of a, H and I0
the logarithm of maximum acceleration L in r: 10 km distance is calculated.
L plotted against H shows an increase with focal depth. The increase per kilometer
is constant down to H= 11 km. At greater depths this gradient drops down to a
smaller value. Possibly this effect could be explained by the existence of a zone of
low shear resitivity below the upper crust as it is claimed by other autors.

An approximate formula of Richter’s magnitude M

M=0,5410 + 0,5010g H + 0,67

valid for Austrian earthquakes is found using Karnik resp. ISC’s data of M and I0
as well as our data of H. This formula yields a fair estimation of magnitudes of
Austrian earthquakes with Hg 4 km.

Key words: Focal Depth — Macroseismic Estimations — Earthquakes —
Magnitudes —— Austria.

Zmammenfammg. Im Zeitraum von 1905 bis 1973 ereigneten sich in Österreich
72 Erdbeben mit Maximalintensitäten log 5,5° MS. Von 48 dieser Ereignisse
liegen ausreichend Daten vor, um daraus eine makroseismische Herdtiefenab-



|00186||

174 A. Franke und R. Gutdeutsch

schätZung aqleiten. Die Abschätzung geht davon aus, daß die maximale Boden-
beschleunigung

—
”O

e—br
.

I! —- ISt
ra

r = Herdentfernung = VH2 + A 2
H= Herdtiefe
A = Epizentraldistanz).

Für die ausgewerteten Ereignisse ergibt sich allgemein I9 = O. Die Bebenherde
konzentrieren sich auf den Bereich der Oberkruste, d. h. die Herdtiefen sind größ—
tenteils kleiner als 11 km. Nur 18% der Hypozentren liegen innerhalb der un—
teren Erdkruste H> 11 km. Unter Verwendung von a und H wird die theoreti-
sche maximale Beschleunigung in 10 km Herddistanz ausgerechnet. Ihr Lo-
garithmus L, gegen die Herdtiefe aufgetragen, zeigt eine Zunahme mit H. Die
Zunahme pro Kilometer ist bis H= 11 km konstant, dann scheint sie sprungartig
abzunehmen. Dieser Effekt könnte eventuell durch die Existenz einer Zone
geringerer Scher- und Scherbruchfestigkeit unter der Oberkruste erklärt werden,
wie sie von anderen Autoren refraktransseismisch gefunden wurde.

Es wird eine Faustformel für die Magnitude M

M = 0,5410 + 0,5010g H + 0,67

österreichischer Erdbeben auf Grund der Magnituden— und Io-Daten von Kärnik
und des ISC sowie der von den Autoren bestimmten Daten von H aufgestellt.
Diese Formel ergibt befriedigende Näherungswerte für Herdtiefen Hg 4 km.

Einleitung

Die Erdbeben Österreichs kommen vorwiegend in 4 Gebieten vor
(vgl. Abb. 1). Im Westen zieht sich eine nach Norden scharf abgegrenzte
aktive Zone von Kufstein das Inntal aufwärts durch Innsbruck und von
dort in westlicher Richtung durch die Nördlichen Kalkalpen. Das Beben-
gebiet südlich von Salzburg ist deutlich an die Kalkalpen gebunden. Im
Mittelalter erwies sich der Raum um Villach — Klagenfurt als seismisch
sehr aktiv, obgleich die Bebentätigkeit seitdem offenbar nachgelassen hat,
wie man aus Abb. 1 entnehmen kann. Die größte Bebenhäufigkeit Öster-
reichs wird auf einer etwa ONO—WSW streichenden Zone von ca. 30 km
Breite beobachtet, die sich vom Wiener Becken über den Semmering
hinzieht.

Die meisten Beben zeigen eine auffällige Ausdehnung der Schütter-
gebiete nach Norden. Es wäre denkbar, daß Geschwindigkeitsinversionen
in der Erdkruste für diese Asymmetrie verantwortlich zu machen sind.
Diese Inversionen müßten im Norden der Alpen stärker ausgeprägt sein
als im Süden. Modellseismische Untersuchungen haben diese Annahme
bestätigt (Drimmel, Gangl, Gutdeutsch, Koenig, Trapp, 1973). Jedoch
beweisen sie auch, daß die Anomalie nur dann auftreten kann, wenn der
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Abb. 1. Epizentren von Erdbeben mit IDE}; 5,5Ü MS
+ Ausgewertete Beben mit 10?; 5,5” MS
' Unberücksichtigte Beben mit In; 5,50 MS

Bebenherd entweder in oder unterhalb der Zone verringeter \Vellenge«
schwindigkeit liegt. Diese Frage hat den Anstoß zur vorliegenden Untera
suchnng ergeben. Aus der Zcit seit 1900 liegen makroseismische Daten
und seit 1904 auch Scismogramme der meisten Beben vor. Man kann den
damals verwendeten Uhren aber noch nicht den hohen iGenauigkeits- und
Zuverlässigkeitsgrad ansprechen, den man benötigt, um aus den Ankunft-
zeiten die Herdtiefen zu bestimmen. W'enn auch in den späteren Jahren die
Zuverlässigkeit durch Einführung der Quarzuhrcn mit Rundfunkkontrolle
wesentlich verbessert wurde, so ergeben sich weitere Fehlerquellen, und
zwar bei der Auswertung der Laufzeitknrven. So hängt der Herdtiefen—
fehler entscheidend von der Geschwindigkeit der Pg—W'ellen ab. Diese
aber ist heute noch, vor allem im Osten Österreichs, nur unzureichend
bekannt. Da die alpinen Bebenzentren innerhalb der Erdkruste, also ober-
flächennah liegen, kann man mit einer I-ierdtiefenbestimmung nur dann
etwas anfangen, wenn der Tiefenfehler kleiner als i5 km ist. Das wird
zur Zeit aber noch nicht allgemein erreicht, wie man leicht den BISC—Publi—
kationcn entnehmen kann. Kärnik (1965) hat nach diesen und älteren Un-
terlagen eine Zusammenstellung der Europäischen Beben mit In Ë 6" MS
publiziert und auch teilweise Abschätzungen der Herdtiefen aus den Iso-
seistenradien gegeben. Jedoch ist die Anzahl der Beben für das verhältnis-
mäßig bebenarme Land Österreich nicht ausreichend groß, um daraus
statistische Aussagen zu trefl'en. Darum ist das gesamte makroseismischc
Datenmaterial nun auch für schwächere Beben erneut gesichtet und, wenn
möglich, zur Herdtiefenbestimmung herangezogen worden.
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Datenmaterial

Die Arbeitsunterlage bildeten Karten mit eingetragenen Intensitäts-
angaben und Isoseistenpläne, welche die Zentralanstalt für Meteorologie
und Geodynamik, Wien von den österreichischen Beben erstellt hat. Dieses
Material stellt bereits eine Auswahl dar. Es ließen sich nämlich diese Pläne
nur von denjenigen Beben anfertigen, für die eine ausreichend große Anzahl
brauchbarer Meldungen vorliegt. Nicht nur von der Maximalintensität
eines Bebens sondern auch von der Meldungsdichte hängt es ab, ob man
den Intensitätsabfall mit der Entfernung und damit die Herdtiefe abschätzen
kann.

So liegen aus den Jahren nach den beiden Weltkriegen als Folge der
teilweisen Auflassung des makroseismischen Dienstes Bebenmeldungen
nur recht spärlich vor. Nach dem zweiten Weltkrieg jedoch hat die Zentral—
anstalt für Meteorologie und Geodynamik das Beobachtungsnetz syste-
matisch mit dem Ziel verdichtet, besonders die Grenzen der Schütter—
gebiete besser zu erfassen (Trapp, 1961). Diese Maßnahme hatte eine wesent—
lich größere Anzahl von Meldungen pro Fläche und Beben zur Folge. Die
nachstehende repräsentative Aufstellung mag die Situation erhellen
(Tab. 2).

Tabelle 2

Datum Ort Maximalintensität Zahl der Ortschaften
mit Meldungen

2.2.1905 Sebez'flz’ng 6° MS 53
31.8. 1914 Salzberg b. Hall 6° MS 40
5.1.1972 Wr. Neustadt 6° MS 304

12.6.1973 Mittera’orf 6° MS 215

Die hier genannten Beben besitzen vergleichbare Schütterflächen.
Jedoch hat sich die Meldungsdichte in den Jahren vergrößert. Das ist
einerseits eine Folge der zunehmenden Besiedlungsdichte, andererseits
aber auch ein Ergebnis der Verdichtung des Beobachtungsnetzes. Hier ist
zu bemerken, daß die Anzahl der verarbeiteten Einzelmeldungen viel
größer ist als die in Tabelle 2 gegebenen Zahlen von Ortschaften. Daher
geben diese nur eine unvollständige Vorstellung von der mühevollen
Kleinarbeit, welche die Mitarbeiter der Zentralanstalt für Meteorologie
und Geodynamik, Wien, insbesondere Frau Amtsrat Lukeschitz und Dr.
Trapp an jedem einzelnen Beben leisten. Diese Leistung möge an dieser
Stelle gewürdigt werden. Ihr ist es zu danken, daß es heute möglich ist,
auch mittelstarke Beben zu einer makroseismischen Herdtiefenabschätzung
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heranzuziehen. Abgesehen davon darf die Herdtiefenbestimmung des
Bebens mit hoher Meldungszahl als viel sicherer gelten als die übrigen,
obgleich man diesen Umstand nicht durch die Angabe eines Herdtiefen—
fehlers charakterisieren kann.

Während der Auswertung zeigte sich, daß die Anzahl der Meldungen
der Beben vor 1950 im allgemeinen nicht ausreicht um Ereignisse mit
Io <5,5° MS zur Herdtiefenbestimmung heranzuziehen. Erst nach dieser
Zeit war das in zwei extrem günstig gelegenen Fällen möglich. Es handelt
sich dabei um zwei Beben mit der Maximalintensität 5 +. Abgesehen von
diesen beiden Ausnahmen sind alle Beben mit IO; 5,5° MS, insgesamt
72 Ereignisse, für den Zeitraum von 1905 bis 1973 auf ihre Verwendbarkeit
geprüft worden. Nur 48 waren geeignet. Obgleich damit 2/3 aller Ereig—
nisse erfaßt sind, kann die daraus gewonnene statistische Aussage nicht
für ganz Österreich vorbehaltlos gelten, weil sich die Auswahl nicht gleich-
mäßig auf die habituellen Bebengebiete verteilt. Das zeigt die Gegenüber—
stellung in Abb. 1. Hier sind alle Beben aus den Jahren 1905 bis 1973 mit
log 5,5° MS in Österreich eingetragen (entnommen aus: Toperczer und
Trapp, 1950; Trapp, 1961; Gangl, 1969, Erdbebenberichte der Zentral-
anstalt für Meteorologie und Geodynamik Wien, 1969, 1970, 1971, per-
sönliche Mitteilungen von Dr. Trapp). Die Erdbeben, für die makro—
seismische Herdtiefen abgeschätzt wurden, liegen vorwiegend im Raum
Innsbruck und in der Mur-Mürztal-Zone. Sie repräsentieren daher nicht die
Bebengebiete südlich von Salzburg und um Villach—Klagenfurt. Die
vorgelegte Anzahl an Beben ist auch nicht homogen bezüglich der
Maximalintensität. Zwar sind alle Beben der Maximalintensität I„g ———7°
MS vollständig erfaßt, nicht jedoch die kleineren.

Makrosez'smz'sc/Je Abscbäz‘zzmg der Herdz‘z'q‘en

Wir haben zur makroseismischen Abschätzung der Herdtiefe eine be-
reits in einer älteren Arbeit beschriebenen Methode benutzt (Franke und
Gutdeutsch, 1973). Diese geht wie die von Peterschmitt (1952) davon aus,
daß der Betrag der Maximalbeschleunigung u nach einem Gesetz der Form

u
u ___ .0. e—br7‘“ (1)

mit dem Abstand r =1/H2 —|— 212 (H= Herdtiefe, A = Epizentraldistanz)
abnimmt, und daß die Bebenintensität I proportional dem Logarithmus der
Maximalbeschleunigung u plus einer Konstanten 3c ist, also

I=d0logu+3c (2)
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Man muß I als Funktion der Epizentraldistanz kennen, dann zeigt eine
Rechnung, daß nur dann eine lineare Funktion

y=—d-logs-(a+bx) (3)

zwischen y und x besteht, wenn in

_. . d] b2 + [13x = VËË—ÎJJË y = Æ —A--—-

‚i? 2H gleich der wahren Herdtiefe ist. Wenn d bekannt ist, kann man aus
der Steigung der Geraden b und aus ihrem Ordinatenabschnitt d ausrech-
nen. Die Intensität als Funktion der Epizentraldistanz wird entweder durch
Interpolation der mittleren Isoeistenradien bestimmt oder aus dem mitti
1eren Verlauf der Intensität, der sich aus der Gesamtheit der Einzel—
meldungen ergibt. Abb. 2 illustriert den Gang der Herdtiefenabschätzung

0 zp 4p so ap_... 4(k
WW5)

{FMS}
—- xfkm)

1+7

.-+6
I

-+5

15:5 km

h : 12km

hflSkm

Abb. 2. Beispiel einer makroseismischen I-Ierdtiefenabschatzung. Aus [(A) werden
die Großen x und y bestimmt und b solange verändert, bis H, die wahre Herdtiefe

erreicht ist
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am Beispiel des Bebens von Seebemz‘eiiz am 16.4.1972, 10 Uhr 10 GMT.
Wenn man den in der Literatur angegebenen Wert a’= 3 verwendet, kommt
man auf

4:1,31
17:0

Auch im Falle der übrigen Beben gibt b =0 die beste Approximation.
Es muß hervorgehoben werden, daß die Interpolation der Meßpunkte
der I(A)—Kurve sich kritisch auf die Bestimmung des Differentialquotienten

ÎÂ auswirkt. In extremen Verhältnissen hat eine unterschiedliche Inter—
polation auf Herdtiefen geführt, die um 5 km voneinander abweichen.
Wie jedoch in der Einleitung bereits gesagt wurde ist der Tiefenfehler bei
der Bestimmung der Herde nach Methoden der Wellenlaufzeiten gerade
bei den vorwiegend oberflächennahen alpinen Beben genauso groß, wenn
nicht größer. Darum glauben wir, daß hier die Anwendung makroseis-
mischer Abschätzmethoden berechtigt ist.

Alle erhaltenen Herdtiefen wurden mit den Tiefen verglichen, die man
nach dem Auswerteverfahren von Sponheuer (1960) erhält. Dieses Ver-
fahren ist auch von Kärnik (1969) verwendet worden um die Herdtiefen
abzuschätzen. Es geht von der speziellen Annahme aus, daß a=1 und
19:1: O ist. Der Vergleich ergab Übereinstimmung innerhalb gewisser Fehler—
grenzen, die man Tabelle 1 sofort entnimmt. Es sei erwähnt, daß 39 der
Beben, also die Mehrzahl bei der Auswertung nach Sponheuer auf ein
b=0,001 schließen lassen, was extrem kleiner Extinktion entsprechen
würde. Die restlichen 12 Beben mit la =0,005 haben Herdtiefen von min—
destens 6 km.

Die nach Laufzeiten der [JG—Wellen erhaltenen Herdtiefen sind fast
immer größer als die makroseismisch bestimmten Herdtiefen. Es scheint
jedoch eine Korrelation zwischen beiden zu bestehen, etwa durch einen
konstanten Faktor, der in einer späteren Arbeit untersucht werden soll.
Diese Diskrepanz verwundert nicht, da man bedenken muß, daß die aus
Pg-EinSätZCfl gewonnene Herdposition den Ausgangspunkt des Erdbeben
angibt. Die aus der Bebenintensität gewonnenen Tiefen dagegen werden
durch die schwer übersehbare Summe der Vorgänge im ganzen Herdgebiet
beeinflußt und beziehen sich daher eher auf den Schwerpunkt des Herdes.

Ergebm'ma

Die nachstehende Tabelle 1 gibt die Ergebnisse wieder. Koordinaten
und Zeiten sind den oben zitierten Arbeiten (Toperczer et 41., Trapp, Gangl)
entnommen worden. Außer den berechneten Herdtiefen sind auch die Werte
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Abb. 3a. Häufigkeitsverteilung Österreichischer Beben mit der Tiefe. b Häufig-
keitsverteilung der ostösterreichischen Beben mit der Tiefe - - Häufigkeits-

verteilung der Beben aus dem Innsbrucker Raum mit der Tiefe —————-

nach Sponheuer H* eingetragen um einen Vergleich zu ermöglichen. Eine
weitere Spalte gibt die von Karnilt publizierten Magnitudenwerte an.

a) Häufigkeitsverteilung der Herdtiefen

Die Abb. 3a und 3b stellen Histogramme der Herdticfen in Österreich
dar. Das gesamte zur Verfügung stehende Datenmaterial führte zur Häufig-
keitskurve in Abb. 3a. Es gibt ein einziges Maximum, und zwar in ca.
8 km Tiefe. 40, also mehr als 3/4 aller Herde liegen bei kleineren Tiefen,
also in den oberen Stockwerken der Erdkruste. Über ein Häufigkeits-
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Abb. 4. a als Funktion der Herdtiefe

Maximum bei ca. 10 km haben Landisman und Müller (1966) berichtet,
das sie aus den Herdtiefen von australischen Beben ableiteten. Da ähnliche
Beobachtungen auch aus anderen Gebieten vorliegen (siehe z. B. Schneider
(1973), Bolt, Miller (1971)) schlossen sie, daß es sich um ein weltweites
Phänomen handle. Hiernach sind die Bebenzentren besonders in der Um-
gebung der Grenzflächen zwischen der Oberkruste und der darunter
folgenden Zone verringerter Scherfestigkeit anzutreffen.

Abb. 3b zeigt, wie stark die Beben im Gebiet Innsbruck sich von denen
im Gebiet des Semmering und der h'Iur-Mürztal-Störungszone unter-
scheiden. Obgleich das Kollektiv der Innsbrucker Beben zu klein ist um
daraus einen gesicherten Schluß ziehen zu können, darf doch mit gewissen
Vorbehalten festgestellt werden, daß die meisten der Beben oberflächennah
sind. Bei P125 km scheint sich ein Häufigkeitsmaximum anzudeuten.

Die im Murwh-{ürztal vorkommenden Beben haben durchweg größere
Tiefen und das Maximum bei 8 bis 9 km ist stark ausgeprägt. Beben mit
„H >20 km treten äußerst selten auf.

b) Der Exponent a der geometrischen Amplitudenabnahme
mit der Entfernung

Die Darstellung Abb. 4 zeigt, daß a! nicht konstant ist, sondern mit der
Herdtiefe anwächst. Dieses interessante Ergebnis kann man schwerlich
durch einen systematischen Fehler der Herdtiefenbestimmung erklären,
denn andere Bestimmungsmethoden führen praktisch zum gleichen Er—
gebnis. Das kann zwei, sich gegeneinander nicht ausschließende Gründe
haben: Es kann der Ansatz (1) für eine Kugelwelle mit {5:0 falsch sein
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oder a ist eine vom durchlaufenden Medium abhängige Größe, die summa-
risch die Abweichung von der Idealelastizität charakterisiert. Vermutlich
sind beide Erklärungen teilweise richtig. Daß bei extrem kleinen Herd—
tiefen Werte mit a <1 häufig auftreten ist sicher eine Folge davon, daß der
Ansatz (1) versagt, weil Nahfeld—Effekte auftreten. Die Herdausdehnung
Österreichischer Beben kann zwar nach der Abschätzformel von Tocher
(1958) einige hundert Meter kaum überschreiten, womit sichergestellt ist,
daß die Epizentraldistanz, in der man die Isoseisten zeichnet, immer
wesentlich größer als die Herdausdehnung ist. Jedoch dürfte der Anteil
der Oberflächenwellen bei oberflächennahen Beben, für die etwa a=0,5
gilt, einen entscheidenden Beitrag liefern.

Die Tatsache, daß a bei tieferen Beben mit der Herdtiefe über den Wert
eins ansteigt, hat aber sicher nicht diese Ursache. Hier scheint uns die zweite
Erklärung eher zuzutreffen. Hiernach nimmt mit der Tiefe die Abweichung
von der Idealelastizität zu. Auch die Verwendung von Sponheuers Ansatz
b4: O bekräftigt diese Vermutung. a ist annähernd eine lineare Funktion
der Herdtiefe.

a = 0,0307 H+ 0,992 (4)

bis etwa H=14 km. Bei größeren Tiefen verbietet die starke Streuung
der Meßwerte eine Extrapolation. Möglicherweise gehorcht die Wellen-
ausbreitung für tiefere Beben anderen Gesetzmäßigkeiten, die mit dem vor-
handenen Datenmaterial nicht erfaßt werden.

c) Die Maximalbeschleunigung in 10 km Entfernung vom Herd
Die Zunahme von a mit der Tiefe bleibt nicht ohne Konsequenz für die

Beurteilung der Magnituden. Abb. 5 zeigt zwar, daß die Magnituden all—
gemein mit der Herdtiefe ansteigen, doch streuen die Werte sehr stark.
Es erhebt sich die Frage, ob nicht lokale Unterschiede der rheologischen
Materialeigenschaften in Herdnähe, die durch a charakterisiert werden,
einer der Gründe für die starke Streuung sind. Da nun a bekannt ist, wäre
es z. B. möglich die Intensität I oder die Maximalbeschleunigung u eines
jeden Bebens auf eine feste Herddistanz zu reduzieren und damit eine Kenn-
größe für die Bebenstärke zu finden. uo hat die theoretische Bedeutung der
Maximalbeschleunigung in 1 km Entfernung vom Herd. Tatsächlich
jedoch wird die wahre Maximalbeschleunigung hier wegen des Nahfeld—
einflusses erheblich von un abweichen. Aus diesem Grunde eignet sich uo
nicht Zur einheitlichen Charakterisierung der Bebenstärke. Wir wählen
daher den Logarithmus der Maximalbeschleunigung in 10 km Entfernung
als eine Kenngröße L=I(,«= 10 km)/3—c, die das Beben charakterisiert.
L +0 kann man aus den vorhandenen Bebendaten berechnen. Es folgt
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nämlich aus den Gleichungen (1) und (2) mit d=3, la =0, [0 =Maximal—
intensität nach Mercalli Sieberg, H= Herdtiefe in km

IO = flog-ä + 3c = 310g uo—3alogH+ 3c

I(r=10km) = 310g1100ä + 36‘ = 310g ”0—34 + 36‘

1L=—3—Io+alogH——a—c
(5)

Gleichung (5) besitzt große Ähnlichkeit mit der empirischen Beziehung
zwischen der Magnitude M und den Parametern Io und H, die Kärnik
(1969) aufgestellt hat:

1M = 510 —|— logH+ 0,35
(Für europäische Beben mit I0 g 6° MS)

(6)

Daraus ist zu ersehen, daß L in ähnlicher Weise wie die Magnitude die
Stärke eines Bebens charakterisiert.

Abb. 5 zeigt die Verteilung von L + c als Funktion der Herdtiefe. Selbst
dann, wenn man die Werte mit H <3 km wegen der Möglichkeit von
Verfälschungen herausläßt, so zeigen doch die übrigen Werte eine klare
Gesetzmäßigkeit. L —|— c nimmt bei kleineren Herdtiefen deutlich mit H zu,
weniger klar kommt diese Zunahme bei Herdtiefen über 11 km zum
Ausdruck. Man könnte das als die Folge des logarithmischen Ansatzes für
H in Gleichung (5) deuten, welche selbst einer regellosen Verteilung L(H)
aufgeprägt würde und damit eine Gesetzmäßigkeit vortäuschen würde.
Jedoch variiert log H nur so geringfügig mit H, daß diese Deutung eher
fraglich ist. Die geringe Streuung der (L+c)-Werte darf nicht als hohe
Sicherheit mißdeutet werden. Sie ist nur eine Folge der Datenauswahl nach
Epizentralintensitäten. Man darf nicht vergessen, daß Viele der starken aber
tiefen Erdbeben an der Erdoberfläche nur geringe Intensitäten erreichen
und deswegen nicht ausgewertet werden konnten. So wird das gleiche
Beben, das bei H=5 km Herdtiefe die Intensität [0:7,5° MS im Epi—
zentrum besitzt, läge es in H=20 km Tiefe, den Wert I0 =4,OO MS kaum
überschreiten. Unter dieser Einschränkung ist Abb. 5 eher als der Verlauf
der maximalen „Bebenstärke“ L+c mit der Herdtiefe zu interpretieren.
L + c läßt sich stückweise durch zwei Geraden approximieren

L —|— c = 0,0909 H + 1,251 (für Hg 11 km) (7)
(Korrelationskoeffizient rLH = 75 %)

L + c = 0,0392 H + 1,702 (für Hg 11 km) (8)
(Korrelationskoeffizient rLH = 71 0/0)
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Abb. 5. (oben) Magnitude M (nach Kärnik; 1965), verfügbare Meldungen der
BISC und USCGS) als Funktion der I—Ierdtiefc H. Die Magnitude scheint mit der

Herdtiefe anzusteigen, doch streuen die Werte stark.
(unten) L + r als Funktion der I-Ierdtiefe. Der Knick bei FI=11 km wird als
Folge einer hier vorhandenen Grenzfläche gegen eine im Liegenden vorhandene

Zone verringerter Scherfestigkeit interpretiert

Man könnte zwar auch die Approximation durch eine Funktion einer
stetigen Krümmung versuchen, jedoch scheinen die Daten eher zu dem
ersten Modell zu passen. Die Beobachtung, daß L mit der Herdtiefe zu-
nimmt, hat wohl den gleichen Grund wie das Ansteigen der Magnitude
mit der Herdtiefe (2.133. Kärnik 1965). Hiernach muß die durch ein Beben
freigesetzte Energie um so größer sein, je größer die potentielle elastische
Energie ist, die das Medium als Folge langanhaltender mechanischer
Kräfte aufbauen kann ohne zu zerreißen. Diese potentielle Energie muß
mit dem Abstand der Erdoberfläche aus zwei Gründen zunehmen, erstens,
weil die Oberfläche notwendigerweise spannungsfrei bleibt, zweitens weil
mit der Tiefe der Gebirgsdruck zunimmt und ein elastisches Ausweichen
erschwert. Die Bruchgrenze wird daher in größeren Tiefen erst bei höheren
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Spannungen erreicht. Das gilt aber nur solange die elastischen Festigkeits—
parameter konstant sind. Wenn in einer bestimmten Tiefe eine Grenzfläche
vorhanden ist, an der der spezifische Widerstand, den das Material einer
Verformung entgegensetzt, sprunghaft auf einen kleineren Wert absinkt,
werden auch kleinere Spannungen bereits genügen um einen Bruch zu er-
zeugen. Unterhalb dieser Grenzfläche muß zwar die bei Bruchvorgängen
freiwerdende Energie wegen zunehmendem Gebirgsdruck zunehmen,
aber der Anstieg wird kleiner sein als oberhalb der Grenzfläche. Das wäre
eine mögliche Erklärung für den Knick in der Funktion L:f(H) bei
H: 11 km. Hiernach wäre es denkbar, daß Beben mit H> 11 km in die
Zone verringerter Wellengeschwindigkeit fallen, wo gleichzeitig auch die
Scherfestigkeit herabgesetzt ist.

d) Eine Formel für die Magnitude österreichischer Beben
In Tabelle 1 sind die Magnitudenwerte von Kärnik für 29 Beben auf-

geführt. Dafür alle diese Beben I0 und H bekannt ist, besteht die Möglich-
keit aus den Daten die bestanschließende Funktion

M=oclo+ßlogH+y (9)

zu finden, für welche die Summe der Fehlerquadrate von M ein Minimum
wird. Diese Bedingung wird bei

M = 0,542 10 + 0,495 log H + 0,673 (10 g 6° MS) (10)
erreicht. Nach Gleichung (10) wurden einige Magnituden von Beben nach
1955 abgeschätzt. Die Übereinstimmung mit Magnitudenangaben aus
anderen Publikationen ist zufriedenstellend, so daß Gleichung (10) durchaus
als eine Faustformel zur ersten groben Abschätzung österreichischer Beben
Verwendung finden kann. Signifikante Abweichungen traten nur bei
kleineren Herdtiefen H< 4 km auf.

Zusammenfassung der Ergebnisse
Die Mehrzahl der österreichischen Bebenzentren liegen im Bereich der

Oberkruste bis H= 12 km. Ein Häufigkeitsmaximum fällt in den Tiefen-
bereich, in dem man die Grenzfläche zu einer in der Tiefe 2: =10 km
liegenden Schicht verringerter Wellengeschwindigkeit vermutet. Diese
Schicht käme demnach als Wellenleiter für die abgestrahlte seismische
Energie durchaus in Betracht. Ein weiteres Häufigkeitsmaximum bei
H=4 km, das aber nur bei den Beben im Raum Innsbruck vorhanden ist,
deutet auf einen anderen Typ von Erdbeben hin.

Aus den Daten kann man schließen, daß die Stärke der Beben syste—
matisch mit der Herdtiefe zunimmt. Abweichungen von der Systematik
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lassen die Vermutung aufkommen, daß im Tiefenbereich z>11 km die
Scherbruchfestigkeit des Materials kleiner ist als oberhalb davon.
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Abstract. Observations of seismic arrivals from the lower lithosphere in
France revealed a low mean velocity of observed first arrivals of about 8.1 km/s
between 150 and more than 1000 km distance and several high velocity phases
with apparent velocities between about 8.2 and 8.6 km/s. Each one of these high
velocity phases is only observed over a range of about 100 or 200 km. The pos-
sibility of interpreting these phenomena in terms of fine structure of the lower
lithosphere is investigated. The resulting model consists of alternating high and
low velocity layers. No first order discontinuities seem to exist between these
layers. A reliable quantitative estimate of the thickness of these high and low
velocity zones can only be obtained by a joint travel time and amplitude study.

Key words: Long Range Profiles —— Deep Seismic Sounding — Synthetic Upper
Mantle Seismograms.

Introduction

Hirn, Steinmetz, Kind and Fuchs (1973) have presented data, and an
interpretation of a long range seismic profile in France. Hereafter this
paper will be referred to as paper I. The observed seismogram section in
Fig. 1 is reproduced from paper I for a more convenient comparison with
the results of the present paper. The same phase labels are used as in paper I.
The interpretation of the observed data was attempted in paper I in terms
of fine structure of the lower lithosphere by a joint inversion of travel times
and amplitudes (see appendix for a comment on the travel time fit of the
proposed model in paper I). This kind of interpretation was confirmed by
Hirn (1973) for the phase labelled P1. He used several seismic profiles from
bore hole shots of high frequency content to evaluate the regional extension
of the structure, which causes this phase. Supplementary experiments were

* Contribution Nr. 166 within the research program “Unternehmen Erd-
mantel” of the Deutsche Forschungsgemeinschaft.

Contribution Nr. 101, Geophysikalisches Institut der Universität Karlsruhe.
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Fig. 1. Seismogram section from a long range profile from Brest to Toulon in
France (Hirn at all, 1973). Top: Low time resolution, low amplification record
section. Bottom: High time resolution, high amplification record section. The
travel time curves of the model in Fig. 12 and Table 1 are superimposed on the

record section. Critical points are marked by arrows

carried out in the summer of 1973 to confirm the existence of the phase
labelled PH. A preliminary interpretation of these experiments seems to
confirm the structure which causes this phase. These experiments however
also revealed that the amplitudes of this phase vary considerably with
azimuth (Groupe Grands Profils Sismiques (France), German Research
Group for Explosion Seismology, Swiss Deep Seismic Sounding Group,
1973)

The most important features of the observed seismogram section,
which must be reproduced by any resulting model, should be repeated here.
They are a low mean velocity of the observed first arrivals of about 8.1 km/s
between 150 and more than 1000 km distance, and several high velocity
phases with apparent velocities between about 8.2 and 8.6 km/s. Each one
of these high velocity phases, which are labelled PI, P11 and P111, is only
observed over a range of about 100 or 200 km distance. A very similar
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picture is observed on several long range profiles in different parts of the
world. Ryaboi (1966) reports it south of Lake Aral, and it is also observed
on Early Rise profiles in south-westerly and westerly direction (Massé,
1973). On the Canadian Shield, however, the observed high velocity phases
do not stop but continue over much longer distances (Massé, 1973). The
same seems to be true in oceanic areas (Hales et 41., 1970). The proposed
model in paper I consists of a low velocity zone beneath the Moho, fol—
lowed by a 8.2 km/s layer and a 8.45 km/s half space. Although this type of
model is consistent with travel time and amplitude observations up to 600
or 700 km distance, it fails to model the low mean velocity of first arrivals
at larger distances. The synthetic seismograms, on which the amplitude
interpretation is based, have too much energy beyond 700 km distance at
too early arrival times. The solution of this problem is the subject of the
present paper. It will also be attempted to explain a possible third phase,
labelled P111 in Fig. 1, in terms of fine structure of the lower lithosphere,
although this phase is not yet confirmed by additional field experiments.
The purpose of the present paper is not to prove the existence of fine
structure in the lower lithosphere, since this can only be done by a sufficient
number of field experiments. It can only be attempted here to investigate
by numerical experiments, if there are possibilities at all to reproduce the
observed phenomena under the assumption of vertical variation of velocity
alone.

Methoa’

Besides the inversion of travel times, the interpretation method is based
on synthetic seismograms. The method for the computation of synthetic
seismograms, and the assumption on which it is based, are described by
Fuchs and Muller (1971). The most severe limitation for the present
purpose is the assumption of lateral homogeneity. Synthetic seismograms
will be computed for models with increasing complexity from Fig. 2 to
Fig. 12. The starting model is a simple crust mantle model and more
details will be added in each figure in an attempt to fit the observed pheno-
mena. The following remarks are valid for all computed seismogram
sections. The P velocity depth function is plotted in each figure. Poisson’s
ratio is assumed to be 1/4, the density is obtained from Birch’s law (density =
0.252—l—O.3788 - P velocity). Different values of the density or Poisson’s
ratio are not discussed in the present paper. The curvature of the earth is
approximately taken into account (Muller, 1971). The source signal used
for the numerical calculations has a cosine spectrum with zeros at 0.0 and
4.5 Hz. The frequency increment is 0.05 Hz. In order to save computer
time the reflected wave field was only computed within a phase velocity
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Fig. 2. Synthetic seismograms of the P velocity model at the left side of the figure.

The Pn head wave can be followed up to 500 km

window between 6.6 and 10.0 km/s. Therefore only these phases or parts
of phases with velocities within this window can be recognized in the
computed sections. \When a phase approaches one of these boundary
velocities, as does the Moho reflection in all figures, then a rapidly decaying
phase with this boundary velocity arises from the calculations. This is due
to a purely numerical ePfcct. The angle increment in the interval between the
angles of incidence, corresponding to the boundary velocities, is 0.07
degrees. The vertical component of the P wave response is plotted. All
seismograms are plotted on the same scale.

Randi:

In Fig. 2 synthetic seismograms for a simple crust mantle model are
shown. The Moho reflection and the head wave are already separated at
the shortest distance plotted. The important point in this figure is, that the
P.” wave for this model has detectable energy up to more than 500 km
distance. However, the observed Pn wave stops early, at about 200 km.
In Fig. 3 the 8.1 ltm/s half space is replaced by a 9 km thick 8.1 km/s layer,
which is followed by a 7.9 ltm/s half. space. Now the head wave travelling
in the lid stops at much shorter distances. Although the geometrical ray
theory does not predict a head wave travelling in the 7.9 km/s half space of
the model in Fig. 2, a very weal: 7.9 km/s long period head wave is detect~
able in Fig. 2. This is due to the leaking of the long period components of
theinput pulse through the high velocity lid. The P” head wave is followed
in time by a reflection from the discontinuity at the bottom of the lid. In
Fig. 4 an 8.2 km/s half space is placed below the low velocity layer of the
model of Fig. 3. This structure reflects energy in the distance range between
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Fig. 3. The 8.1 km/s half space DE the model in Fig. 2 is replaced by a 7.9 km/s half
space 9 km beneath the crust mantle boundary. Pn stops at a much shorter distance.

A reflection from the bottom of the lid follows Pn in time

about 200 and 400 km, whereas the main energy of the observed PI phase
is concentrated between about 300 and 400 km distance. A head wave
travelling in the half space can be followed up to 700 or 800 km distance,
which is not in agreement with the observed data. Two internal multiple
reflections within the channel can be recognized at larger distances as later
arrivals. In Fig. 5 the first order discontinuities are replaced by gradients.
The main effect is the concentration of the energy of P1 in the desired range
between 300 and 400 km. In addition the reflection from the lower bound-
ary of the lid is strongly reduced. The head wave in the half space has larger
amplitudes. In Fig. 6 a low velocity half space of 3.0 km’is is placed below
the 8.2 km/s layer. Only a high velocity lid is left. The lower boundary DE this
lid is a first order discontinuity. Such a model causes the 8.2 km/s head wave to
disappear. It also reduces the amplitudes DE the reflection from the high veloc~
ity zone mainly at larger distances. However, too large amplitudes are in—
troduced between 200 and 300 km. They result from a reflection from the
first order discontinuity at the bottom DE the high velocity lid. In Fig. 7
this first order discontinuity is replaced by a gradient, thus reducing these
amplitudes. The last few figures have shown, that a high velocity zone, like
the one in Fig. 7, is able to model a high velocity phase, which is only
observed over a limited distance range. The thickness DE the high velocity
zone relative to the dominant wavelength DE the input signal is important.
It was found that the upper limit of the thickness is of the order DE magnitude
of the dominant wavelength. If one increases the thickness too much, then
the head wave travels too far and the mean velocity of the observed first
arrivals is becoming too high. In Fig. 8 the thickness DE the high velocity
zone is reduced to 2 km, which is about half the dominant wavelength. This
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figure shows that the energy reflected from top and bottom of this very
thin high velocity zone is still comparable in size with the energy reflected
from the half space in Fig. 4. However, the energy is much more shifted
towards undercritical distances.

The inversion of the P11 and PHI phases in Fig. 1 was carried out along
the same lines as for PI. The PH phase is modelled in Fig. 9 and Fig. 10. The
mean velocity of the first arrivals in Fig. 10 is very similar to the observed
one. This requirement was violated by the model in paper I. It should be
noted that the entire energy beyond about 700 km in Fig. 10 is due to inter-
nal multiples only. Although the P111 phase is the least clear one and a more
energetic source could improve the data, it was attempted in Fig. 11 and
Fig. 12 to model this phase by the same method. In Fig. 11 the requirement
of low mean velocity of first arrivals does not seem to be fulfilled at the end
of the profile. Therefore, the high velocity half space is replaced by a low
velocity one in Fig. 12. This reduces the mean velocity of first arrivals. The
energy at undercritical distances, however, is increased due to a reflection

Table 1. P velocity depth distribution of
the model in Fig. 12

depth P-velocity
(km) (km/s)

0. 6.2
29. 6.2
29. 8.1
35.5 8.1
40.5 7.9
47.5 7.9
57.5 8 2
62.5 8.0
80. 8.35
88 8.0
97. 8.4

102. 8 0

(.—

Fig. 10. The 8.35 km/s half space is replaced by an 8.0 km/s half space, which
causes the 8.35 km/s head wave to disappear and keeps the mean velocity of first

arrivals low. This model reproduces the phases Pn, P1 and P11
Fig. 11. An 8.4 km/s half space is added to the model in Fig. 10. Reflected energy
appears between about 600 and 700 km and the 8.4 km/s head wave can be

recognized up to 1000 km
Fig. 12. The 8.4 km/s half space is replaced by an 8.0 km/s half space. This keeps
the mean velocity of first arrivals low, but it increases the energy in undercritical

distances. This model reproduces the phases Pn, PI, P11 and parts of P111
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from the negative gradient. The numerical values of the model in Fig. 12
are shown in Table 1. The travel time curves of this model are plotted in
Fig. 1. The travel time curve of the Pn wave is the only one corresponding
to a true head wave. The travel time curves of all other phases are formed
by overcritical and undercritical reflections. The travel time fit of the P111
phase in the distance range between about 580 and 620 km is not as satis-
fying as it is in larger distances. The observed apparent velocity reaches
between about 580 and 620 km values of about 10 km/s. It seems to be
likely that lateral variations are the cause of this observation. Therefore,
the attempt to fit the P111 phase with the assumption of lateral homogeneity
was only partially successful. If this phase is caused by a high velocity zone
in about 100 km depth, as indicated in Fig. 12, then this zone is probably
laterally disturbed.

Comlmz'om

The most important features of the observed section in Fig. 1, which
are low mean velocity of first arrivals and several high velocity phases, are
modelled in Fig. 12 with sufficient accuracy. The agreement is very good
for the P”, P1 and PH phases and could be somewhat better for the P111
phase. This result indicates, that there are possibilities to interpret most of
the features of the observed data in terms of fine structure of a horizontally
stratified lower lithosphere down to about 100 km depth, even with the
assumption of lateral homogeneity. The remarkable point of the resulting
model is, that it consists of several alternating high and low velocity zones.
An amplitude study is definitely required for a reliable quantitative estimate
of the model parameters. The results of the present paper seem to support
ideas about the existence of high velocity layers in the lower lithosphere as
suggested by Kosminskaya et al. (1972) and in paper I. The preferred
thickness of the high velocity zones is around 4 km, which is about the
dominant wavelength of the input signal. However, measurable effects
from high velocity layers much thinner than the length of an input wave
should be obtained. This can be seen from Fig. 8. This figure also indicates,
that a great danger of erroneous interpretation exists in the case of reflec-
tions from local, nonhorizontal, thin high velocity zones. This emphasizes
the importance of a sufficient number of experiments, which are available
in the case of the Pn and PI phases and perhaps of the PH phase but not yet
in the case of the P111 phase. Gradients instead of first order discontinuities
are a very powerful tool for shaping the amplitude distance curves of
reflected waves. It seems to be difficult to achieve with the assumptions
outlined in the description of the method a similar degree of agreement
using first order discontinuities only, as was suggested in the upper mantle
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models of Ansorge and Muller (1973) and Mayer-Rosa and Müller (1973).
All the energy in the computed section of Fig. 12 beyond about 800 km
distance is due to internal multiple reflections. Therefore, any correlation
of phases in this distance range without enough data at shorter ranges
could lead to erroneous interpretations.

Appendix

The arrival times of the PI and PH phases of the model presented in
paper I are too late relative to the observed arrival times. The time delay is
between about 0.5 and 0.8 s. This occurred due to an erroneous deter-
mination of the onset time of the input pulse in the synthetic seismograms.
A correction of this error does not influence the general results of paper I.
This statement is made in agreement with all the authors of paper I.
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Ethiopian Southern Plateau and the Danakil Block

A. Schult

Institut für Angewandte Geophysik der Universität München

Received December 21, 1973

Abstract. Remanent magnetization of 92 samples (22 sites) collected from
Oligocene basalts from the Ethiopian southern plateau (location 9.1°N, 41 °E)
yields a palaeomagnetic pole at 75.1°N, 170.3°E with A95 = 6.4° after AF-clean-
ing. This pole agrees with the Eocene-Oligocene pole for the western plateau. —
Palaeomagnetic data of 125 samples (26 sites) from Early Pliocene basaltic rocks
from the Danakil block (12.7° N, 42.5°E) yield a pole at 79.5°N, 258.8°E with
A95 = 2.60. The deviation of this pole position from other Miocene Pliocene
poles for Africa is consistent with the hypothesis of 10° counter-clockwise rotation
of the Danakil block since the Early Pliocene. On theoretical grounds however
this amount of deviation may also be caused by not having completely averaged
out secular variation due to insufficient sampling.

Key words: Palaeomagnetism — Africa — Afar Triangle.

Introduction

Previous palaeomagnetic investigations on Tertiary basaltic rocks in
Ethiopia have been carried out by Brock et al. (1970) in the western plateau,
by Megrue et al. (1972) on basaltic dikes in the area of the western and
southern plateau, by Burek (1970) in the Danakil Block, and in the French
Territorium of Somaliland (T.F.A.I.) by Pouchan and Roche (1971). In
this paper palaeomagnetism of basaltic rocks from the southern plateau
and from the Danakil block (see Fig. 1) is presented.

Volcanism in the Ethiopian rift and plateaus and in the Afar depression
has been reviewed by Mohr (1971). Generally the plateau regions of Ethiopia
consist of flood basalts which belong mainly to the alkali basalt series.

Radiometric age determinations (K—Ar ages) in the southern plateau has
been carried out in most cases on dike intrusions into basaltic or non-
basaltic host rocks (Megrue at al. 1972). Three dike samples at the road
from Diredawa to Harrar (Fig. 1) have an average age of 31 My (35, 30, 28
My). Four samples from dikes at the road from Asbe Tafari to Harrer have
an average age of 18 My (11, 15, 18, 28 My), and one basaltic host rock
sample (in which the dike with 15 My was intruded) has an age 35.5 My.
Similar ages were found further South near Goba with an average of 17.2
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Fig. 1. Map of Ethiopia showing location of sites. Numbers refer to site numbers

My for 7 dike samples and 30 My for one basaltic host rock (Megrue er ai,
1972). Most of our samples were taken from basalt flows, onlyr very few
from dikes. It is therefore suggested that an Oligocene age (40—25 My)
can be attributed to most of the collected samples. Some samples may be of
Miocene age (25—10 My).

The basalts in the sampling area near Assab (see Fig. 1) cover the base
ment of the Danaltil horst. According to Mohr (1971) these are of Miocene
or Pliocene age. The only available radiometric age determination on a
basaltic flow is about 60 km NW of the sampling area and yields an age of
6.7 My (Barberi at 52]., 1972a). Therefore an Earlyr Pliocene age ma}.r be
attributed to our collected samples.

Sampling and Measurement;
Samples with 2.5 cm core diameter were taken with a portable drilling

machine. From the southern plateau 119 cores from 30 sites were sampled
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Table 1. Site mean palaeomagnetic results after AF-cleaning of Ethiopian southern
plateau basalts (location is at 9.1°N, 41 °E)

Pole positionAF
Site N (0e) D° i° 0:95 k °N °E

(1) 2 160 36.3 —37.1 >45
2 4 200 213.9 ——20.5 5.2 303 56.5 126
3 3 320 16.1 + 0.2 8.3 221 71.6 159

(4) 1 unstable
5 5 350 346.9 —- 8.3 23.7 11 71.4 265
6 4 220 10.8 + 3.3 9.6 91 76.9 164
7 2 320 0.3 + 0.5 38 45 81.1 219
8 3 180 201.7 ——12.7 10.2 146 68.3 137
9 7 170 190.7 +25.2 16.5 14 65.2 195

10 3 300 14.4 ——15.8 19.1 42 67.5 181
11 4 220 33.7 —— 1.4 6.5 198 54.9 145

(12) 2 300 254.9 ——56.7 28.4 79 17.4 95
13 5 300 194.4 +14.3 4.9 240 68.2 179
14 2 200 197.9 +17.5 18 200 64.6 175
15 2 330 336.9 ——16.7 14.1 315 61.0 274
16 4 330 355.9 -——24.8 8.7 112 67.5 231
16a 5 330 35.3 —— 7.7 11.7 43 52.4 150

(17) 3 unstable >45
(18) 3 unstable >45
(19) 3 unstable >45
20 12 170 184.6 + 2.7 6.5 44 78.5 197
21 5 300 176.1 + 5.4 19.4 16 77.5 239
22 3 310 42.6 +12.5 2.8 1870 47.7 131

(23) 8 300 262.5 + 7.5 9.4 35 6.7 136
(24) 5 300 223.8 ——50. 6.4 144 43.7 96
25 4 350 185.3 ——11.5 7.3 158 83.7 163
26 4 200 7.3 + 8.2 23.4 16 81.1 165
27 5 300 192.3 ——12.7 6.9 122 77.5 142
28 3 300 176.8 ——20.8 6.7 330 86.4 339
29 3 240 197.5 —18.8 20 38 72.7 128

A11 normal: A95
11 sites 11.1 —— 4.8 13.5 12.3 74.0 176.6 10.2
A11 reversed:
11 sites 191.8 — 3.0 11.4 16.8 76.0 163.2 8.6
All sites:
22 sites 11.4 — 0.4 8.4 14.4 75.1 170.3 6.4

Sites in brackets were omitted for the mean values. Nnumber of samples, AF peak
value of alternating field cleaning, D declination, i inclination, 0:95 and A95 radius
of the 95% circle of confidence for the directions and the poles, le precision
parameter.
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Fig. 2. Stereographic projection of mean sire directions of remanent magnetization
after alternating field cleaning for amples from the southern Ethiopian plateau.
—I— = Overall mean with the 95% confidence circle (unit weight for each site).
Directions in brackets were ommitted because of intermediate pole positions (pole

latitude {2459)

along the road from Ashe Tafari to Harrar ca. 6—55 km from Asbe Tafari
(Fig. l). — From the Danakil block 127 cores were collected from 27 sites
along the road from Assab to Sardo ca. 35—58 km from Assab.

The remanent magnetization was measured with a fluxgate spinner
magnetometer. All samples were subjected to AF-cleaning with peak fields
between 100 and 400 Oe according to results from AP demagnetization of
pilot samples from each site.

Southern Plateau

Results for the plateau samples after AF cleaning are given in Table 1,
the site mean directions and the overall mean with its circle of confidence
are shown in Fig. 2.

Site 1, 4, 17, 18, and 19 were ommitted because of very large within-site
scatter, which could not be adequately reduced by AF-cleaning (arg5 >- 45“).
Site 12, 23 and 24 have intermediate directions (yielding a pole with latitude
<1“ 45°) and were discarded. Of the remaining sites 11 have normal and 11
have reversed polarity. The mean pole positions of normal and reversed



Palaeomagnetism of Tertiary Volcanic Rocks from Ethiopia 207

30°

a downward
0 upward

180°

Fig. 3. Mean site directions after alternating field cleaning for sample from Danakil
block. —|— : Overall mean with the 95“};J circle. Direction in brackets was ommit-

ted because of intermediate pole position

sites coincide. Giving unit weight to each site direction the overall mean
direction of normal and reversed sites is D =11.4’-“, i = __ 0.8" with
0:95 r: 8.4”. This yields a pole position at 75.1°N and 170°E with A95 z
6.4“” (a'p = 4.20, d7): = 8.5").

The stability of the natural remanence against AF cleaning was relatively
weal: in most cases. On demagnetization in 300 Oc the original intensitj.r
has droped to one third in average, in some cases to one tenth of the initial
value. After AF cleaning the intensity varied between 20 and 400-10—5
Gauss for the different sites.

Danakil Block

Results for the samples from the Danakil block after AF cleaning are
given in Table 2, the directions of magnetization in Fig. 3. Site 40a was
discarded because of intermediate direction. Of the remaining 26 sites 5
have normal remanent magnetization (these sites are located nearest to
Assab) und 21 are reversed. The circles of confidence of the mean pole
positions of normal and reversed sites overlap. The overall mean direction
DE magnetization is D = 353.80, i : 8.4Ü with 0:95 : 3.4“. This yields a
pole positions at 79.50N, 258°E with A95 = 2.60 (rip : 3.4. dm :- 1.8°). —
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Table 2. Site mean palaeomagnetic results after AF-cleaning of Danakil block
basalts (location is at 12.7°N, 42.5°E)

Pole position
AF

Site N (Oc) D° i° 0695 k °N °E

30 6 350 198.5 —— 1.4 5.4 151 68.0 164
31 5 250 180.2 -——11.5 15.1 26 83.0 221
32 3 300 177.0 ———26.7 5.8 438 86.7 337
33 5 350 173.7 ——25.1 11.6 44 83.8 317
34 5 330 175.2 ——— 1.7 8.1 88 77.1 245
35 5 300 177.7 —— 0.4 8.0 90 77.1 233
36 5 400 176.1 ——-— 7.2 15.1 27 80.0 246
37 3 350 355.9 +14.7 6.5 356 83.7 254
38 5 350 3.7 +13.5 5.6 187 83.0 190
39 5 350 354.5 + 8.7 6.8 125 80.0 255
40 3 300 354.4 +10.3 9.1 183 80.6 258

(40a) 2 300 143.1 +29.6 21 141 43. 2 275
41 5 330 359.0 +15.7 2.1 1300 85.0 234
42 5 350 168.7 ——— 7.4 2.7 787 75.6 274
43 6 350 179.1 ~— 6.7 8.8 75 80.5 228
44 4 350 169.9 ——10.7 5.8 249 77.5 277
45 8 300 173.8 —— 4.1 4.6 141 77.6 253
46 5 350 165.5 '— 4.2 8.8 76 72.0 277
47 5 330 172.0 —— 5.1 7.4 107 77.0 261
48 5 300 166.7 —— 9.1 6.3 146 74.5 282
49 3 350 165.2 _— 3.5 15.8 62 71.6 277
50 5 320 174.7 —— 5.8 10.4 55 78.8 251
51 5 300 166.6 + 0.4 5.4 196 71.4 269
52 5 350 168.1 -—— 5.8 9.0 73 74.6 273
53 5 380 176.3 ——— 2.4 12.7 37 77.8 240
54 4 350 165.6 —— 9.1 1.8 2600 73.5 284
55 5 350 163.6 —— 8.3 5.6 185 71.6 286

All normal: A95
Ssites 357.4 +12.5 4.6 277 83.1 243.8 3.5
All reversed:
21 sites 173.0 — 7.4 4.0 61 78.5 260.3 3.0
All sites:
26 sites 353.8 + 8.4 3.4 68 79.5 258.8 2.6

Site in brackets was omitted for the mean values. — Legend see Table 1.
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Fig. 4. Palaeopole positions with their respective circles of confidence for the
Ethiopian plateaus. E \Western plateau (location 9°N, 38.5“}3) Eocene Oligocene
(Brock et 4:21., 1970). 5 Southern plateau (location 9.10N, 41°F.) Oligocene (this

paper)

After demagnetization in 300 Oc peak alternating field the natural rema-
nenee has decreased in average to about one half of its initial value. After
AF cleaning the intensity varied between 100 and 1000- 10“5 Gauss for the
different sites.

Dirmrrian

Western and Southern Plateaus

The circles of confidence for pole positions from Eocene Oligocene
western plateau basalts and from Oligocene southern plateau basalts overlap
(see Fig. 4). Similar pole positions were determined by Megrue er al. (1972)
for Eocene Miocene dikes from the western plateau (pole at 86°N, 161 “E,
A95 = 9") and Oligocene Miocene dikes from the southern plateau (BZDN,
155013, A95 : 16°). For the Territory of French Somaliland (but not for
the southern end of the Danakil Block) Pouchan at al. (1971) determined for
Eocene Miocene basaltic rocks a pole at 78°N and 137013 with A95 = 6°.
The circles of confidence of all these mentioned pole positions from Ethiopia
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Fig. 5. A selection of Miocene Pliocene palaeopole positions for Africa and the
Danakil block. CR Central Rift (location ODN, 36.5°E) Miocene (Raja, 1968), EA?
East African rift valley (1‘35, 36°13.) 0—7 My (Reilly 1970), 5A2 East African rift
valley (1°S, 36015) 7—14 My (Reilly, 1970), D Danakil block (12.7°N, 42.5°E)

Early Pliocene (this paper)

overlap. Relativ tectonic movements between the southern and western
plateau (if there are any) cannot be derived from the available palaeomagnetic
data.

Danakil Block

In Fig. 5 selected Pliocene and Miocene pole positions for East Africa
are compared with the Early Pliocene pole of the Danakil Block. The latter
does not coincide with the others; the respective circles of: confidence
clearly do not overlap.

Interpretation of the Afar tectonics implies anticlockwise rotation of the
Danakil Block in the time of formation of the Afar which started probablyr
in the Lower Miocene (25—35 My B. P.) according to Barberi er al. (1972 a).
The angle of rotation however in uncertain. Burek (1970) estimated 30°,
Barberi a: al. (1972b) 180:}:10O and Mohr (1972) about 350. Very“ small
angles of rotation have been postulated by Schäfer (1973 personal com-
munication). Burek (1970) also determined an Early Miocene pole position
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for the Danakil Block at 46°N, 316°E consistent with counter-clockwise
rotation in the order of 30°. Unfortunately this pole determination was
restricted to two sites of volcanic rocks only.

Assuming a constant angular rotation rate since the beginning of the
formation of the Afar these estimations imply an angle of rotation of 10° or
less since the Early Pliocene. Starting with the determined Danakil pole
(79.5°N, 258°E) a rotation of 10° yields a pole position at 81 °N and 198°E,
which brings the Danakil block pole closer to the other Late Tertiary
African poles but no complete overlapping of all circles of confidence
(see Fig. 5).

The palaeomagnetic method must be applied very carefully if the
relative tectonic movements to detect are of a small scale (10° or less). If the
time span sampled is not long enough with respect to palaeosecular varia—
tion then an apparent deviation of the mean pole position from the true
pole positions may be the result. —— Assuming both perfect measurement
and perfect sampling of the secular variation cycle the angular standard
deviation .r of the mean direction is a measure for the magnitude of the
palaeosecular variation. The angular standard deviation (due to palaeo-
secular variation) is about 19° for that latitude in Tertiary time according
to Brock (1971). „r (in degrees) is very nearly given by 81 /‚€1/ 2 (Æ precission
parameter, see Table 2). This yields „r = 9.8o for the samples from the
Danakil block which is rather low. It is therefore possible that only a partial
palaeosecular variation cycle is recorded what may be the reason for the
deviation of the pole. — Although the palaeomagnetic observations seem
to confirm the rotation hypotheses of the Danakil block, the conclusion is
that much more detailed sampling must be carried out before all aspects in
relation to secular variation can be excluded.
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Abstract. Variations of the shape and position of the last closed field line
boundary, the location of the magnetopause neutral points, and the topology of
the polar cusp have been calculated in a ,,closed“ model magnetosphere with
respect to substorm growth phase effects and the earth’s dipole tilt angle. It was
found that the dayside part of the last closed field line boundary depends on the
stand-off distance and the dipole tilted in summer direction, whereas the nightside
part is determined by the neutral sheet’s magnetic field and position, and the dipole
tilted in winter direction. Thus the geomagnetic conjugate points of the last
closed field line boundary vary sensitively with the dipole tilt angle and pre—
substorm related variations of the model parameters.

The position of the polar cusp, and the boundary depend, with decreasing
influence, on (1) the stand—off distance to the subsolar point, (2) the tilt angle of
the earth’s dipole, (3) the neutral sheet field, and (4) the distance of the neutral
sheet’s inner edge. A compression of the dayside magnetosphere and an increase
of the tail field caused by a substorm growth phase result in an equatorward
displacement of the polar cusp and the last closed field line boundary as whole.

The magnetopause of the field model is a tangential discontinuity with given
geometry. Thus no B-field component normal to the surface and no interconnec-
tion with the interplanetary magnetic field can be considered. The field configura-
tion inside the magnetospheric cavity results from a 3-dim. solution of the Chap-
man-Ferraro problem.

Key words: Closed Field Lines —— Magnetopause — Magnetosphere — Magneto—
spheric Model —— Neutral Points.

Introduction

The boundary of last closed field lines can be observed at geomagnetic
high latitudes by changes of electron flux profiles which are closely as-
sociated with the difierent behavior of charged particles in open and closed
field line regions. Eather (1973) and Feldstein (1973) argued that the
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equatorial edge of the auroral oval represented by this boundary could be
regarded as a “natural” coordinate system for geophysical phenomena
being related with the polar cap.

Feldstein (1973) and other authors pointed out that the dayside of the
polar oval is connected with the polar cusp, whereas the nightside part is
connected with the inner edge of the plasma sheet in the tail. Thus it is
evident that the equatorward boundary of the oval is a function of magnetic
local time and changes with magnetic activity (Winningham, 1972). The
tilt angle of the geomagnetic dipole axis results in a seasonal variation of the
boundary (McDiarmid and Wilson, 1968; Burch, 1972). Superimposed are
daily variations due to the 11° angle between the geographic and geo-
magnetic axes of the earth (Maehlum, 1968; Feldstein und Starkov, 1970).

Thus it is the purpose of this paper to calculate variations of (1) the
shape and position of the last closed field line boundary, (2) the location of
the magnetopause neutral points, and (3) the topology of the polar cusp in
a model magnetosphere with respect to a pre-substorm related magnetic
disturbance and the dipole tilt angle.

The following symbols are used throughout this paper in order to
describe the high latitude quantities:

191; = polar distance of the neutral point measured from the dipole
axis in [°],

rN = radial distance to the magnetopause neutral point in [Re],
AD, AN = geomagnetic latitude of the last closed field line at local noon

(D) and local midnight (N).

Experimental Results from Particle Observations

The boundary of last closed field lines has been identified as the poleward
trapping boundary of electrons with energies E >35—4O kev. Alouette—2
data (McDiarmid and Burrows, 1968) indicated this boundary to be co-
incident with the region where the counting rate of electrons falls into the
cosmic ray background level. This became evident also by a sharp decrease
in the dayside flux of electrons with energies E ~10 kev (Heikkila and
Winningham, 1971). Detailed analyses of the high latitude boundaries have
been given by Feldstein and Starkov (1970), Fritz (1970), and Burrows and
McDiarmid (1972).

Gurnett and Frank (1973) found the last closed field line to be co-
incident with the convection electric field reversal and the trapping bound—
ary of 45 kev electrons. This boundary coincides with the equatorward
edge of the polar cusp which intersects the ionosphere at AD=793|31°
(Frank, 1971).
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Along with measurements of OGO-4 (Evans and Stone, 1972) and
ISIS-l (Winningham, 1972), the geomagnetic latitude of the last closed
field lines at local noon AD and local midnight AN can be stated as

AD = 77.6 i 1.6°
AN = 70.5 i 2.50

With a noon-midnight asymmetry of about 7° for magnetically quiet
conditions. These values are averages of the available published experi-
mental data.

Magnetospberz'c Field Model

The magnetospheric field model is a “closed” model in the sense that
the magnetopause is a tangential discontinuity with given geometry. The
magnetopause is an infinite thin current sheet covering the whole magneto-
spheric field. Thus no B-field component normal to the surface exists, and
interconnection of field lines between magnetosheath and magnetosphere
cannot be described by the model.

The magnetic field inside the magnetospheric cavity is based on the
“classical” Chapman—Ferraro problem which can be solved by a 3—dimen-
sional solution of Neumann’s boundary value problem of potential theory
with respect to the magnetopause geometry (Voigt, 1972). The magneto-
spheric field H (as) results from a scalar potential u(zc) which consists of the
earth’s dipole potential ad, the potential of the tail field us, and the
potential ubc due to the magnetic field of the Chapman-Ferraro currents on
the magnetopause shielding the fields of the dipole and the tail current
system. Thus,

”(26) = ”d + ”s + ”be (1)

where 131(24) = —— V 11(33). The total magnetic field normal to the magneto-
pause Hn must vanish exactly on the boundary since it is a tangential
discontinuity. Thus,

Hn=_5È—u(_x)=ol (2)
magnetopause

Together with the singularities of the problem Hd and Es given by

Hd=-Vfld (3)
Es = "Vfls
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Neumann’s boundary conditions on the magnetopause can be given
for the unknown potential mm by

a „ 4
Eubc=+lz'(äd+äs) ()

where ÿ denotes the direction normal to the magnetopause, and Hd and Es
are the magnetic field of the earth’s dipole and the field of a closed tail current
system. Moreover, the potential ubc must obey Laplace’s equation

Mb. = 0 (5)
inside the magnetospheric cavity. The formalism is valid in the same way
if one adds a possible ring current field Hr as an additional singularity.
Eqs. (4) and (5) show clearly that the boundary currents depend on the
singularities inside the magnetosphere and the magnetopause geometry.
For mathematical discussion of the problem and analytical expressions of
the results, see Voigt (1972.).

The last closed field line in the model is defined by the last field line
with both ends in the ionosphere on the dayside, and on the nightside by
the last field line which hits the neutral sheet with an acute angle of incidence
and returns to the earth (see, for example, the 72° nightside field line in
Fig. 1b). This last point of impact depends on the neutral sheet field Ho
and is located between 15 Re and 20 Re down the tail where the field com-
ponent normal to the neutral sheet changes sign. The open field lines in the
model are those being swept back into the tail which touch neither the
neutral sheet nor the magnetopause. The physical parameters of the model
are:

. the radius of the magnetosphere R,

. the stand-off distance to the subsolar point A,

. the distance to the neutral sheet’s inner edge B,

. the magnetic field of the neutral sheet H0,

. an arbitrary tilt angle of the earth’s dipole 31” which is the angle between
the dipole axis and the direction normal to the solar ecliptic plane.
U14>UJNH

Magnetic variations, and shifting of the last closed field line boundary
and the neutral points discussed in this paper are due to a pre—substorm
related compression and tail field increase in an “closed” magnetosphere
caused by a successive variation of the model parameters. The magneto-
pause neutral points are of a Chapman-Ferraro type in the sense that the
interplanetary magnetic field (IMF) is assumed to be zero.

The change of the neutral points into a more realistic Dungey type has
been taken into account by Forbes and Speiser (1971). The authors super-
imposed the IMF with arbitrary direction on a closed model. The effect
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Fig. I. Computed field line configuration of the 3-dim. analytical magnetospheric
field model in the noonwmidnight meridian plane, (a) undisturbed magnetosphere:
stand-off distance = 11 Re, neutral sheet field = 15 y, dipole tilt angle = 30°;
(b) pre-substorm magnetosphere: stand—off distance = 8 Re, neutral sheet field
= 30 y, dipole tilt angle = 24°
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of the IMF on magnetospheric field topology, as discussed by Forbes and
Speiser (1971) and Speiser (1971) in the context of an open magneto-
sphere, would violate the validity of the mathematical boundary value
problem and the resulting magnetic field of the model which is based on the
formalism noted above. On the other hand it became more and more evident
that field line erosion on the dayside magnetosphere plays an important role
in the early phase of a substorm. For discussion of the controversy of
whether the magnetosphere is open or closed see Vasyliunas and Wolf
(1973).

Figs. 1a and 1b show the computed field line configuration of the model
for an undisturbed and a pre-substorm magnetosphere based on the model
parameters which are listed in Table 1. A comparison of both figures shows
the pre-substorm related compression of the dayside magnetosphere in
Fig. 1b which is mainly due to a decrease of the stand-off distance from 11
Re to 8 Re. The difference of the tilt angles in both figures is insignificant
in this context.

Table 1. Model parameters for field line computations shown in Fig. 1: radius of
the magnetosphere (R), stand—off distance (A), neutral sheet field (H0) and distance
to the inner edge (B), and the dipole tilt angle (T)

parameters R A B H0 3P (winter)
[Re] [Re] [Re] [7’] [°]

undisturbed 1 6 11 10 15)) + 30 °

pre-substorm 15 8 9 30;) + 24 °

Efiîects of the Dipole Til! Angle

Seasonal and diurnal variations of the last closed field line boundary
and the neutral points on the magnetopause are caused by a change of the
dipole tilt angle T. Model calculations have been made for a maximum
seasonal variation of —- 30° (northern summer) <‘P[°]<+30° (northern
winter).

The resulting tilt—dependent shifts of the last closed field line boundary
at local noon and local midnight are plotted in Fig. 2 for a magnetically
quiet and a pre-substorm magnetosphere. The corresponding displacement
of the neutral points on the magnetopause are shown in Fig. 3. Note that the
labels “summer” and “winter” indicate the tilt direction for the northern
hemisphere, and that the angles are measured relative to a dipole fixed
coordinate system.

Table 2a contains the values of Figs. 2 and 3 for the untilted dipole
(T=0°) and for the maximum summer and winter tilts (SU: 31:30").
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Fig. 2. Geomagnetic latitude A of the last closed field line at local noon (D)
and local midnight (N) depending on the dipole tilt angle ‘1’ for an undisturbed
(solid line) and a pre—substorm (dashed line) magnetosphere

Table 2a. High latitude quantities in [Ü] for three dillerent dipole tilt angles 97.
The magnetic conjugate points of the last closed field lines are situated at different
latitudes AD and AN in the northern and southern hemisphere in case of IFa: 0°.
Values for other tilt angles ‘1’ can be obtained from Figs. 2 and 3

magnetosphere-
‘P — 30° 0° + 30° configuration

'5‘!) 22.6 30.2 34.1
An 83.5 81.5 80.5 undisturbed
AN 71.5 72.0 75.5

0;} 28.2 39.2 46.7
AD 81.0 78.0 76.8 pre-substrom
AN 70.0 71.0 74.5

Table 2b shows the variation of the high latitude quantities, 629g, (5A1),
and 6/1N due to a change of the tilt angle 611/: i110Ü compared with total
seasonal variation. A look at Fig. 2 and Table 2b indicates that the nights
side shift of the last closed field line boundary exceeds the dayside shift
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Fig. 3. Polar distance Ü!) of the northern neutral point depending on the dipole
tilt angle ÊF for an undisturbed (solid line) and a pre-substorm (dashed line)
magnetosphere. The neutral points on the magnetopause are of the Chapman-
Ferraro type. Note that 1.9D is measured from the dipole axis

Table 2b. Variation of the high latitude quantities in [°] for an undisturbed and
a pre-substorm magnetosphere depending on a change of the dipole tilt ôËF [°].
The shift (3/1 D exceeds (SAN for the dipole tilted in summer direction (61?: ._ 30 Ü).
The reverse results for the tilt in winter direction ((5111: + 30°). The differences,
ö, are obtained from Table 2a

magnetosphere-
ô‘P‘ 0° + — 30° 0° + + 30° —— 30° + + 30° configuration

619D ... 7.6 —|—3.9 +11.5
(SAD + 2.0 — 1.0 — 3.0 undisturbed
JAN -— 0.5 + 3.5 + 4.0

(SÜD “-11.0 +7.5 +185
(fi/1D + 3.0 m 1.2 —— 4.2 pre-substorm
(SAN ~— 1.0 + 3.5 + 4.5

for the boundary in the winter hemisphere, whereas the opposite occurs
for the boundaryr in the summer hemisphere. Thus the northern and the
southern hemisphere (i.e. the winter and the summer hemisphere) show
a different behavior of the tilt-dependent boundary variations.
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Fig. 4. Shape of the last closed field line boundary for (a) the untiltctl earth’s
dipole. Curve 1 is the boundary for an undisturbed magnetosPhere and curse II
for a prc—substorm magnetosphere. The dayside shift exceeds the nightside shift
due to the predominant efiect of the pre—substorm related inward motion of the
subsolar point. (b) magnetic quiet conditions. Curve 1 is the boundary.- for ‘F 2:- 0",
curve II for Wu: -5... 30" (winter). Note that the coordinate system is fixed on the
dipole axis. The nightside shift exceeds the daji'side shift for the dipole tilt in
winter direction. The reverse results for the tilt in summer direction {compare
with Fig. 2)
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An example is given in Fig. 4b which shows the northern last closed
field line boundary of the undisturbed model magnetosphere due to the
untilted earth’s dipole (boundary I) and due to the geomagnetic axis tilted
by ‘1’: + 30° in winter direction (boundary II). In this case the nightside
shift exceeds the dayside shift.

The model calculations can be summarized as follows:

1. Fig. 2 and Table 2a indicate clearly that the position of geomagnetic
conjugate points vary with the tilt angle. They are situated at different
geomagnetic latitudes in the northern and southern hemisphere in case of
the tilted geomagnetic axis. See for example the undisturbed magneto-
sphere configuration in Table 2a: The conjugate points of the last closed
field lines are situated at AD (north) =80.5°, AD (south) 283.50 at local
noon, and AN (north) =75.5°, AN (south) =71.5° at local midnight.
Fig. 1a gives another example: The 82° dayside field line in the northern
hemisphere is swept back into the tail, whereas the corresponding — 820
field line in the southern hemisphere is closed on the dayside; it’s magnetic
conjugate point is located at A = 81° in the northern hemisphere. The same
occurs analogously in case of the pre-substorm magnetosphere in Fig. 1b.
The southern —— 77° dayside field line intersects the earth at A 276.20 in
the northern hemisphere.

The neutral points belonging to Figs. 1a and 1b can be obtained from
Fig. 3. For the magnetically quiet field configuration (Tz—l—3OO), we
find 19D (north) = 34.0°‚ 19D (south) = 22.6°. The values for the pre—
substorm magnetosphere (‘11:: +24°) are 29D (north) = 45.7°, 291) (south)
z30.2°. The position of the neutral points depends strongly on the dipole
tilt angle.

2. For a change of the dipole tilt from northern summer to northern
winter, the dayside part of the northern last closed field line boundary and
the northern neutral point move equatorward, whereas the nightside part
of the boundary tends to move poleward (see Figs. 2 and 3). The opposite
occurs in the southern hemisphere. Table 2b shows in detail that the ab-
solute value of the shift ô/lD in the northern hemisphere exceeds the
nightside shift ÖAN in both magnetospheric field configurations, if the
northern hemisphere will be tilted in summer direction (63?: — 30°).
The reverse results for the tilt into winter direction (69’: + 30°).

One can conclude that magnetic variations related to the dayside
magnetosphere will affect the dayside part of the polar oval and the cusp
in the summer hemisphere more than in the winter hemisphere. In contrast,
the nightside part of the polar oval will be influenced more in the winter
hemisphere by magnetospheric tail and plasma—sheet variations. Thus
one can expect asymmetries between both hemispheres for magnetospheric
phenomena observed at geomagnetic conjugate points.
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3. A maximum seasonal AD variation of 2°——3°, as reported by
McDiarmid and Wilson (1968), could be realized in model calculations for
the undisturbed magnetosphere and a seasonal change of the tilt angle
SU: 3|:25o (see Fig. 2). On the other hand, this result is in contrast to
Aurora-1 data reported by Maehlum (1968). The author found average
values AD =79.7 3|:2.7O (summer) and AD =75.5 31:1.1° (winter). This has
been verified by Burch (1972) for magnetically quiet conditions.

The resulting maximum seasonal variation of ö/ID m40, as well as the
difference of 70 between AD and AN for SFr-0° (McDiarmid and Wilson,
1968), could only be simulated in a pre-substorm model configuration
(compare with Tables 2a and 2b). For discussion of this discrepancy, see
Conclusion.

Efleez‘: of Suhsz‘orm Growth Phase Phenomena

The equatorward displacement of the polar cusp and the last closed field
line boundary can be simulated in terms of a “standard substorm” growth
phase. The polar cusp in the model is determined by the coordinates of the
magnetopause neutral point 29D and m, and the associated geomagnetic
latitude AD of the last closed field line on the dayside of the polar oval.

An inward motion of the dayside magnetopause in the early phase of a
substorm (Aubry et 41., 1970) is responsible for an equatorward motion of
29p and AD. The equatorward extension of the nightside part of the last
closed field line boundary is due to an earthward motion of the neutral
sheet and an increase of it’s magnetic field HO. These growth phase charac-
teristics, as summarized by Aubry (1972), have been computed by changing
the corresponding parameters in the field model.

It should be repeated that the inward motion of the dayside magneto-
pause is not due to field line erosion associated with a reversal of the IMF
direction (Aubry et 41., 1970), but it is realized in the model by a decrease
of the stand-off distance which results in a compression of the dayside
magnetospheric cavity.

The differences of 291), AD, and AN between a quiet and pre-substorm
magnetosphere are caused by a change of the model parameters listed in
Table 1 for T200. We want to restrict ourselves to the untilted earth’s
dipole in order to display the pre-substorm related variations of the high
latitude quantities.

Fig. 4a shows the shape and position of the last closed field line bound-
ary for the undisturbed (boundary I) and the pre-substorm magnetosphere
(boundary 11). Model calculations have verified that the equatorward
extension of the dayside part of the boundary depends on the location of the
subsolar point, whereas the nightside shift is controlled by the neutral
sheets’s position and magnetic field.
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Table 3. Variations of the high latitude quantities in [O] due to substorm growth
phase effects for the untilted dipole ‘1’: 0°. The differences, ù, between the un-
disturbed and pre—substorm magnetosphere result from a change of the model
parameters listed in Table 1 for "[120“. For tilt angles liU=|= 0° see Figs. 2 and 3

magnetosphere-configuration
[Ü] undisturbed pre—substorm à [ü]

”3.0 30.2 392 9'0
An 81.5 78.0 3_5

The high latitude quantities belonging to Fig. 4a are listed in Table 3.
The day'sicle latitude .19 moves equatorwards from 81.5O to 78.0“, the
nightside latitude . be from 72.0o to 71.0”. Hence it follows that the dayside
extension of the boundary (hi-"ID = 3.5" exceeds the nightside shift r). [N = 1.0Ü
(Fig. 4a). One can conclude that this result is due to the predominant effect
of the pre-substorm related inward motion of the subsolar point.

""""—I2Re—3’

Fig. 5. Polar cusp topology for extreme cases of a quiet and compressed mag-
netosphere. For field line integration, the polar cusp was assumed to have
a width of 1° in the ionosphere. The compression is due to a decrease of the stand-
off distance from 12 Re to 8 Re, an increase of the neutral sheet field from
10 y to 30 p, and an inward motion of the neutral sheet’s inner edge from 11 Re
to 9 Re. The polar cusp field line intersects the earth at .2’1 = 83 -î-_ 0.5ü (quiet) and
A :78 32:0.5” (compressed). The neutral point moves equatorwards from til-1;. —-:-
23.6D (quiet) to :95 = 39.2D (compressed). Compare theSe results with Fig. 6. The
dashed lines show the geometry of the model magnetizipause.
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Generally, the stand-off distance was found to be the most sensitive
parameter for dayside variations; it affects greatlyr the positions of the neutral
points which tend equatorward by 9.0Ü from 2‘)‘-}9=:’J0.2G to 69239.20
during the early phase of a substorm (Table 3). Thus, magnetic disturbances
related to the dayside magnetosphere will result in polar cusp displacements
which occur more near the magnetopause than near the ionospheric edge.

This is demonstrated in Fig. 5 which shows the influence of a pre—
substorm disturbance on the topology of the polar cusp and the position
of the neutral point for extreme cases of a quiet and compressed magneto-
sphere. For field line integration, the polar cusp was assumed to have a

1"3’13 [a]
a

20“ {a}

mi:
Ii? 1:! ll) Î à H [RE]
: : : : : :Ho [y]

Hi: :65 roio sis do
:3 F9]

9.„

10--

If.“

’2" (a)
L? '-

14 --

{r
'Îv [Rel

Fig. 6. Polar distance 191;. and radial distance m of the neutral point on the magnetoe
jause in terms of a magnetospheric compression (untilted dipole ll” m Û“). The
:ompression is due to the variation of the model parameters as indicated on the
abscissa. The compression related polar cusp topologyI is shown in Fig. 5
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width of 1° in the ionosphere. The neutral point moves equatorwards from
191) =23.6° to 291) 239.20, whereas the polar cusp intersection point in the
ionosphere moves from AD = 83° to AD = 78°. Note that the experimental
value of AD :79 j: 1° (Frank, 1971) corresponds With a pre—substorm
model configuration (for discussion see Conclusion). The compression
related changes of the model parameters are indicated on the abscissa of
Fig. 6 which shows the continuous variation of the polar distance 291) and
the radial distance m of the neutral point in terms of a substorm growth
phase.

Cont/aria”

1. Variations of the last closed field line boundary and the position of
the magnetopause neutral points have been calculated in a “closed”
magnetospheric field model with respect to a pre-substorm related com-
pression of the magnetosphere and the dipole tilt angle. The variations
result from a successive change of the model parameters. The model is
limited by its static field configuration and is based on the Chapman—
Ferraro problem. The interconnection with the interplanetary field and the
magnetosheath has not been considered.

2. The boundaries of the polar oval and the cusp tend equatorward
for model parameters describing a substorm growth phase. The dayside
part of the last closed field line boundary depends on the position of the
subsolar point, whereas the nightside part is determined by the neutral
sheet’s position and magnetic field. Generally, the stand—off distance was
found to be the most sensitive parameter for magnetospheric variations. It
affects mostly the position of the magnetopause neutral points.

3. Seasonal variations of the last closed field line boundary are due to
the dipole tilt angle. Geomagnetic conjugate points are situated at different
latitudes in both hemispheres in case of the tilted dipole. The dependence
of the boundary on the tilt angle is different in winter and in summer. Thus,
one can expect asymmetries of phenomena being related with magnetically
conjugate points.

4. An agreement between experimental data of magnetic quiet condi—
tions and model calculations could be found for pre—substorm magneto-
spheric model parameters. It remains a problem at present if this dis-
crepancy can be reduced by

(a) leaving the concept of the “closed” model by superimposing the
interplanetary magnetic field with arbitrary direction which results in an
“open” magnetosphere, as proposed by Forbes and Speiser (1971);

(b) inserting an appropriate ring current model (Sckopke, 1972) which
tends to shift the last closed field line boundary equatorward and the mag—
netopause neutral points poleward;
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(c) calculating the high latitude boundaries by field line tracing along
realistic magnetospheric field lines from the point of particle observation
down to the ionosphere, instead of using the “invariant latitude” which
is based on a dipolar field configuration.
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Abn‘mct. The analysis of backscatter signals recorded during the observation
of radio auroras on Feb. 23 and Feb. 24/25, 1971 at the receiving station Lycksele
and the comparison of these data with values derived from parameters of the
disturbed polar E-layer indicate, that the measured Doppler shift Afof backscatter
echoes is caused by moving field-aligned column—like inhomogeneities or by plane
waves generated by the drift gradient instability. Furthermore at the same time
the condition which leads to the excitation of wavelike electron density inhomo-
geneities by the two-stream instability was fulfilled, but the angular interval in
which these density waves can propagate was too small to explain a scatter process _
of radio waves in the direction parallel to the antenna of the receiving station
Lycksele. In addition to this, Doppler spectra of the observed scattered signals
are presented.

Key wordy: Polar E-Region — Radio-Aurora —— Backscatter Measurements —
Scatter Mechanism — Electron Density Inhomogeneities —— Frequency Shift.

Inz‘rodnctz'on

The backscattering of HF— and VHF- radio waves during earth magnetic
disturbances in connection with auroral occurrences is controlled by the
generation and propagation of electron density inhomogeneities, which
depend on the velocities of charged particles. Therefore, in the first part of
this paper the calculation of the velocities of ions and electrons will be
outlined briefly. (For details see Czechowsky, 1974). In the second part
three models of possible scatter mechanisms will be compared with each
other, in order to explain and discuss the Doppler shift of the backscattered
radio signals which are observed during radio aurora events.

Experimental Arrangement

For about five years auroral observations have been carried out by the
institute at Lindau with transmitting and receiving stations in Norway and

* Short version of the paper: “Movement processes of auroral structures”
presented at the Second IAGA General Scientific Assembly, Kyoto, Japan, Sept.
9.—21. 1973.
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Fig. 1. Location of transmitting and receiving stations with the corresponding
antenna directions (arrows), and the backseatter curves for all pairs of stations.
Magnetic observatories: Tr = Tromsö, Ab == Abisko, Ki = Kiruna, So =

Sodankyla, Ly r Lycksele, Lo r Lovo, Nu = Nurmijarvi

Sweden and with optical instruments at Tromso. The geographical location
of these stations is given in Fig. l.

The transmitter 8K4 MPI near Borlange, Sweden, on a frequency of
145.96 MHZ has a power output of about 150 watts. During radio aurora
events the amplitude and the Doppler shift of the backseattered signals are
recorded at the receiving stations OslodKjeller (Norway) and Lycksele
(Sweden). The Borlange-Lycksele pair of stations is particularly well
located for this purpose because the backseatter curve (cf. Czechowsky,
1966) overlaps that part of the E—layer which can be seen directly from



|00243||

Doppler Shift of Auroral Backscatter Signals 231

Tromso. There the intensities and structures of visible auroras were
recorded with a filter photometer and an all—sky-camera.

Movemem‘s of Cbarged Particle:
The frequency shift Af of backscatter echoes of up to i500 Hz, observ-

ed during radio auroras is caused by the motion of the auroral structures.
These scattering centers can be described as column—like inhomogeneities
or as electron density waves (Booker, 1956; Farley, 1963; McDiarmid and
McNamara, 1969; Knox, 1972; Unwin and Baggaley, 1972). The excitation
and propagation of these auroral structures depend on the velocities of ions
and electrons, which can be derived from the equation of motion for a
plasma in a magnetic field (cf. Lucas and Schliiter, 1954) taking into account
the special conditions in the disturbed E—layer. The resulting velocities of
the charged particles depend on the electron density, the collision fre-
quencies, the conductivities and the electric field strength. These quantities
can be derived from the parameters of the disturbed polar E-region.

In this analysis the maximum electron density is deduced from the
absolute intensity of the negative nitrogen bands of visible auroras. Accord-
ing to Omholt (1955) the total photo emission of the negative nitrogen
band observed at the surface of the earth is proportional to the square of the
maximum electron density. The height distribution of the electron density
is approximated by Chapman profiles.

In order to calculate the collision frequencies it is necessary to introduce
an atmospheric model since, in addition to the electron density, the collision
frequencies depend on the temperature, the neutral gas density and the
molecular weight. Then, from the gyrofrequencies, the collision frequencies
and the electron density, the Pedersen-, the Hall- and the parallel conduct-
ivities can be derived. In the entire height range the parallel conductivity ie
several orders of magnitude greater than both the other ones. Hence the
component of the electric field strength parallel to the magnetic field B is
small compared to the component perpendicular to B so that the electric
field strength can be assumed independent of height. In this case the
electric field strength can be calculated from Ohm’s law using the height
integrated values of the current density and of the conductivities.

The height integrated current density can be derived from the measured
disturbance vectors AH, AD, and AZ taken from the magnetograms of
several observatories located in a geomagnetic north-south direction.
Based on a variable model distribution, nine parameters of an equivalent
current system can be determined using an iterative method, such that the
calculated and measured components of the magnetic field are in good
agreement. Details of this method are given by Czechowsky (1971). Thus
all important parameters are known for the calculation of the velocities of
charged particles.
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By radar observations Bowles cf 22/. (1963) discovered structures in the
equatorial E~layer in a height range from 90—130 km which were inter-
preted by Farley (1963) as electron density waves caused by the twoflstream
instability. Since inhomogeneities in the electron density which are coupled
to a current system are also observed in the polar E-layer it was suggested
that the excitation mechanisms are identical and that Farley’s results can be
applied to polar regions. These wavelike inhomogeneities are generated in
a limited angular range, if the component of the electron-ion drift velocity
it“ exceeds a critical threshold value it... which is somewhat greater than the
ion thermal velocity. These excited primary density waves propagate per-
pendicular to the ambient geomagnetic field.
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Two radio auroral events were analysed. One will be discussed in detail
and is shown in the following figures. First the relative drift velocity ”a is
calculated and presented in Fig. 2. In the upper diagram the magnitude of
va is plotted at 15 min. intervals for Feb. 24/25, 1971 (solid line). These
values exceed the critical velocity 220 from about 2300—0130 UT except at
0045 UT. On the other hand the components of va parallel to the direction
of the receiving antenna which is almost identical with the direction of the
bisector of the scattering angle in this special case are shown in the second
diagram. These values are always smaller than 360 m/s which is clearly
below the necessary threshold to excite wavelike inhomogeneities in that
direction. In this special case this model yields no explanation for the strong
auroral backscatter echoes which were observed at Lycksele during that
period. Therefore another type of scattering inhomogeneities ought to
exist which is not coupled to a direction depending exciting mechanism.

The study of field-aligned column—like inhomogeneities indicates that
the scatter process of radio waves is not influenced by the generation or by
the propagation of these structures. The spatial distribution of the scattered
power is characterised by a cone with the axis parallel to the local geomag-
netic field lines. In this case a backseatter communication between the
transmitter and the receiver can be expected whenever field—aligned struc-
tures occur in the region of the corresponding backscatter curve. The
velocity of this type of inhomogeneities in a plasma under various conditions
has been studied by Baker and Martyn (1953), Clemmow and Johnson (1959)
and Kato (1963). The propagation direction of these structures is perpendic-
ular to the electric and to the magnetic field strength. For the event on
Feb. 24/25, 1971 the variation of this velocity vinh is presented in the upper
part of Fig. 2 by the dotted line and differs only slightly from the relative
drift velocity 72d, whereas the propagation direction shown in the lower
diagram differs from that of va by up to 200.

For a comparison the velocity components of these inhomogeneities
parallel to the receiving antenna and the velocity values derived from the
Doppler shift of the scattered signals received at Lycksele are given in the
upper part of Fig. 3. The error bars represent the measured values including
the superimposed noise level and the dashed line shows the calculated
values. A positive sign indicates that the scattering structures are moving
in a direction towards the receiver. On Feb. 24/25 the magnitude and the
variation of the measured and calculated values agree in several cases. In
addition to this the dotted line represents the component of the electron
drift velocity parallel to the receiving antenna. According to Whitehead
(1969), Knox (1972) and Unwin and Baggaley (1972) field-aligned plane
wave irregularities can be excited by the drift gradient instability in a
limited angular range. In this range which depends on how much the
threshold for the onset of the instability is exceeded the magnitude of
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the wave phase velocity is equal to the component of the electron drift
velocity parallel to the direction of propagation. The threshold value is a
function of the radio wave frequency, of the electric field strength, and of
the ionisation density gradient. In this investigation we. can only compare
the predicted velocity of the waves generated by the drift gradient instabil-
ity with our measurements. Since the complete set of data of the presented
event was not available, it was impossible to examine whether the threshold
condition was fulfilled or not. Therefore we cannot finally prove whether
the measured backseatter signals and the Doppler shift are caused by this
type of inhomogeneities. The recordings shown in the lower diagram
present the Doppler shift variation of the scattered signals with maximum
field strength.
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The second radio aurora event on Feb. 23, 1971 was analysed in the
same way and the results are shown in Fig. 4. Measurements and calcula—
tions agree very well over a period of about 4 hours.

Both examples demonstrate that two types of inhomogeneities may
cause the observed Doppler shift. Difiierences between the measurements
and the calculations may result from the fact that the neutral gas velocity was
neglected in this analysis. More details about the above mentioned mechar
nisms are hoped to be available next year when our narrow beam rotating
antenna system is in operation and when the measured Doppler shift is
IFourier-analysed.

First results of analysed Doppler measurements, which were observed
on Dec. 4, 1972 at about 2207 UT are given in Fig. 5. Both examples present



236 P. Czechowsky

BORLÄNGE - LYCKSELE
December A, 1972

„1%22:02:12LJT ‚4
l

”H

22 ÜB ÜlUÏ.M I J .
Mafia

fi

“im r‘J-n—u'h-HJ-qufl—HH q

:
I

I I: l . ‚
i I

22-. 02-. 21 : „II-J
Î

22- 00: 05

I
I
I
I

.__.l'

Fieldstrength

——I-

III
: '. 22:03:07iJ-1’FÏJJLIK

'1H H r'I- i „e
„Huf-1‘ “with...“ '1...— J "um?

22 02 2s

I

I
|
| I I

22:02:25 II
la,

22:00:00 I jiLHv-J'fl
“III

Jaw “1..... Mini—#31535,“ L-___
l

I I l I I I I I I I I I I I
-?50 -500 2250 0 250 500 750 -750 -500 -250 0 250 500 “750

Doppler shift ——-I-Hz
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five spectra in intervals of 25, in this case with two pronounced maxima.
One peak, at a constant frequency shift of about 475 1-12., has the character
of a line spectrum, which can be caused by electron density waves excited
by the two-stream instability. The second maximum of. each spectrum
varies between 200 and 450 H22. This part of the Doppler shift may result
from the movement of field-aligned inhomogeneities or from plane waves
generated by the drift gradient instability.

More details may be derived from the Doppler shift measurements
carried out with the projected rotatable antenna system. From the predicted
threshold values and from the frequency shift of the received signals as a
function of. the angle of incidence conclusions can be drawn on the source
of the inhomogeneities.
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Abstract. A spherical harmonic analysis of the average DS—field during great
magnetic storms is presented using data taken from Sugiura and Chapman (1960).
Eight coefficients for the diurnal terms (in geomagnetic LT) and three for the
semi-diurnal terms give a sufficient approximation of the DS-field during the first
two storm-days. Differences between the H and D component analyses are due to
limited and uncertain data. The DS-field in low latitudes is well approximated by
the Pä-term. This term shows a phase shift from the first to the second storm-
day that resembles the phase drift of the asymmetric ring current. The ratio of the
internal to the external part of this term is 0.32 for the first and 0.25 for the second
storm-day. Equivalent current systems of the external field and of the internal
plus external field show nearly the same structure.

Key wordr: DS-Field — Magnetic Storms — Spherical Harmonic Analysis —
Asymmetric Ring Current —- Polar Electrojet — Internal and External Parts.

7. Introduction

During the main phase of geomagnetic storms the horizontal component
H of the earth’s magnetic field is decreased in middle and low latitudes as
a result of the magnetospheric ring current. This current arises from motions
of charged particles (mainly protons with energies of the order 10 KeV)
in the magnetosphere. The particle distribution, as well as the ring current
and the depression of H at the earth, is not symmetric with respect to
longitude. From the analyses of world—wide observations, it has been sug-
gested that ionospheric return currents of the auroral electrojet are the
source of the asymmetry in low latitudes. In recent years, current models
of the Birkeland type have been discussed with field aligned currents con-
necting the auroral electrojets with magnetospheric currents (Bonnevier
et al., 1970; Akasofu and Meng, 1969a, 1969b).

Magnetometer measurements on the satellite Ogo 2 (Langel and
Sweeney, 1971) during magnetic storms showed that the asymmetry in low
latitudes is caused by currents at altitudes beyond the ionosphere. For the
comparison of the nonsymmetric part D3 of the variation field at the
satellite and at the ground the ratio of the internal to the external part of
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the disturbance field was taken to be i/s = 0.38. This ratio had been found
by Rikitake and Sato (1957) for the symmetric field Der. However, the
ratio 23/6 may not be the same for Dst and DS.

This investigation tries to separate, by means of a spherical harmonic
expansion, the internal and external parts of the DS-field. The data for the
analysis were taken from Sugiura and Chapman (1960).

2. Camputation of tbs Spherical fiatmoeir Coefficients

The disturbance field D of any component of the disturbance field at
the ground may be separated into a symmetric part (with respect to longi-
tude) D51, and a nonsymmetric part DS by means of a Fourier harmonic
analysis

D (0, A, T) = Dst (0, T) ~1— Ë C” (Û, T) cos (HZ—an (Ü, T» (1)
93:1

D51; is the disturbance field averaged over circles of geomagnetic colatitude
0; it is a function of only 0 and the storm time T (beginning with the ssc).
The sum describes the dependence on geomagnetic longitude Mot geomag-
netic local time (ß) using harmonic components with amplitudes Cs, and

5D 1{H} SD 21H) SD 1 (D) .SD 2101

__ J.__.’._. _-. .._ 1-—: ._1__. _,1_'.,_: _ ' 1 ' ,__'
-

I ' r 1- I I *
051218061213 [151218—1- 0512131351213

GM LOCAL TIME GM LOCAL TIME GM LOCAL TIME

Fig. I. The SDI and SD2 variation fields of the H, D and Z components for great
magnetic storms, after Sugiura and Chapman (1960)
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phases en. This part of the disturbance field is denoted DS, and the average
of DS over the first (second) storm day is denoted SD1 (SDZ). In Fig. 1,
SD1 and SDZ are shown for the components H, D, Z after Chapman and
Sugiura (1960) who analysed hourly values of 74 great storms at 29 ob-
servatories divided into 8 groups according to geomagnetic latitude. Thus
SD1 and SDZ are the average longitudinal variations of great storms. In
all three components, the diurnal mode in geomagnetic local time predom—
inates. In the following, symmetry of SD1 and SDZ with respect to the
equator is assumed because data are available only for the northern hemi-
sphere.

DS may be considered as the negative gradient of a potential V; then
the spherical harmonic expansion of V in spherical coordinates r, 0, çà with
a as radius of the earth is given by

v=a§i{[<2>wa+<é>ww
n=1 m=1

_|_
[(3)72

egg; + (%)n+1i,%] sin 77295} P$(cos 0)

Using the following identities

aZz=eÆ+iÆ $=e¥l§+i$ (3a)

an = neg; — (n+1)z',% 57,? = „37% — (n+1)e,% (3b)
02’}: —_- —m(e,’;§,+z°,’;z) 1/}: = m(e,;’;+i,;’;) (3 c)

the components H, D and Z of DS are

DS(H) = Z Z [a’gcos Mcfi—I—bÿsin q] dP’Ë/a’ô (4)
n=1 m=1

DS(Z) = Z Z [5”; cos q—l— 5?: sin mqfi] P777: (5)
n=1 m=1

DS(D) sin a —_- z z {2’}: cos mafia”: sin m5] 13"]; (6)
n=1 m=1

o. . . m m „m m 0m mThe pract1calcomputat1on of the coeffic1ents a n , e n , a n , n , an , b n was
carried out by calculating first the harmonic Fourier coefficients with
respect to çà

2128;} = É; Îfœ, ¢> {23?} w d¢. <7)
0
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Table 1. The computed coefficients of SDl and SD2 for the expansions in Eqs.
(4), (5), (6)

n1 1 1 1 1 1 2 2 2
n 2 4 6 8 10 3 5 7

a 4.20 0.74 0.57 0.057 -0.328 -0.070 0.094 0.083
b —7.49 3.01 3.34 2.71 1.390 -0.063 -0.053 0.017

SDl â 5.76 -1.95 -1.34 —2.17 0.630 0.425 0.141 -0.024
B 5.07 1.72 2.75 0.095 0.671 0.359 0.062 0.229
a 1.88 -1.41 1.18 3.33 4.01 -0.072 0.150 0.143
Ë 6.82 1.75 7.78 8.32 4.22 0.120 0.180 0.236

a -1.85 1.04 1.31 1.04 0.438 0.082 0.034 0.032
b -4.06 2.34 2.44 2.02 1.36 —0.082 —0.027 -0.004

SD2 ë 3 95 -1 06 -0.286 -1 10 0.267 0.254 0.076 0.027
b —1.27 2.69 1.82 1.19 0.290 0.302 0.390 0.124
ä 1.29 -0.424 3.05 4.25 3.48 0.174 0.136 0.163
S -4.44 0.110 4.42 4.35 2.32 0.162 0.105 0.170

Here f(6, 05) denotes the H—, D- or Z components of SDl or SDZ. The
coefficients of Eqs. (4) to (6) are then calculated numerically with known
formulae (e. g. Chapman and Bartels, 1940, chapt. XVII). As pointed out in
Fig. 1, the evaluation of the coefficients Am(6) and Bm(6) shows that the
diurnal term A1 and B1 predominate in all components. At some latitudes
a distinct semidiurnal part (with 777 = 2) is also seen; for example at 6 = 38°
in the H—component. Beside these terms it is questionable whether mean-
ingful coefficients with 777 > 2 can be determined from the given data,
and therefore, only coefficients for 777 :1 and 777 = 2 were calculated.
From the assumption of symmetry of the SD-field with respect to the geo—
magnetic equator, it follows that only coefficients with 77 = 2, 4, 6, 8, 10 . . .
for 777 = 1, and 72 = 3, 5, 7 . . . for 777 = 2 are nonzero. For these combina-

- . m m „m ~m 0m mt1ons of 77 and 777, 8 values for the coeffic1ents an, n, an, kn, an, n were
computed from the data for SD1 and SDZ (see Table 1). Fig. 2 shows the
approximation obtained by the five terms of the diurnal (777 = 1) mode.
The full lines, A1 and Bl, are the interpolated curves for the 8 points
computed after Eq. (7). The broken lines, A} and B}, represent the
synthesis using the five diurnal coefficients calculated by numerical inte-
gration:

5

A81(H)= z 8%,. dPänlda
n=1

5

A810» = z 7%.. 13%.. <8)
7v=1

1
5

01 1

7r=1
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Fig. 2. The interpolated curves A1 and Bl of SDI and SDZ for the H, D and Z
component (full lines) and the syntheses with five coefficients A 51 and 5;- (dashed
lines). The triangles on the abscissa indicate the eight colatitudes of the available

data

The curves illustrate the principal difficulty arising when functions like
these having great amplitudes in high latitudes (6 = 25°) and compara—
tively small amplitudes in low latitudes (Û = 91°) are subjected to spherical
harmonic analysis. Such cases generally require a greater number of terms
for a good approximation. Nevertheless, as seen in Fig. 2, five terms are
sufficient for at least the D and Z components. The H component approxi-
mation breaks down in higher latitudes. In Fig. 3, the original data and
the syntheses calculated after Eqs. (4), (5), (6) with 8 coefficients are plotted.
The D and Z components are well approximated by the synthesis; the H
Component, however, shows considerable differences in high latitudes.
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Fig. 4. SD1 (H) in low latitudes and the synthesis with only the P: term

In low latitudes, the SD—field is adequately approximated by only the
first term with the coefficients (1% and [9% as is shown in Fig. 4, where the
H component of SDI and the first approximation are drawn for low latitudes.
There is satisfactory agreement between the observed. field and the first
approximation in colatitudes 91°, 69° and 62°. The same is true for the
other components and for SD2.

3. Tbs Infernal and External Perry 0f D5

The main purpose of this spherical harmonic analysis is to separate the
part of the disturbance field which is induced in the earth by the variation
of the external field. The coefficients 6?: of the external and 3?: of the internal
parts are calculated with Eqs. (3) from the coefficients listed in Table 1.
Using Eqs. (3a) and (3b), a??? and i??? are calculated from the H and Z compo-
nents, or alternatively, with Eqs. (3b) and (3c) from the D and Z compo
nents Both results should be the same, if

the
SD—field is a potential field;

for example the equalities ä};— En and an"—_ —b„ should hold. From
Table 1, we see that only for n'—~— 2 are these conditions roughly satisfied.
For greater a, there are considerable difi'erences between the coefficients
calculated from the D and H components. These difl‘erences might lead
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Table 2. The coefficients for the internal and external parts of SDI and SDZ, the
amplitudes c and phases 17 derived from the values of Table 1

n1 1 1 1 1 1 2 2 2
n 2 4 6 3 10 3 5 7

ea [y] 2.90 0.252 0.396 0.226 0.019 -0.050 0.065 0.054

eb [Y] -5.86 1.37 2.40 1.92 0.927 -0.019 -0.013 0.025

îa [y] 1.30 0.433 0.172 —O.169 —0.347 -0.019 0.029 0.029

1b [y] -1.63 1.14 0.943 0.786 0.458 -0.044 -0.041 -0.008

:Zfz) ce [y] 6.54 1.66 2.43 1.94 0.927 0.054 0.066 0.059

ci [Y] 2.09 1.24 0.956 0.604 0.575 0.046 0.050 0.030

ci/ce 0.320 0.659 0.394 0.415 0.621 0.905 0.754 0.509

„e [°] -63.7 32.3 60.6 63.3 66.6 -159.1 -11.0 24.6

ni [°] -51.4 67.1 79.7 102.1 127.2 -113.7 -54.3 -14.9

ea [y] -1.37 0.531 0.940 0.793 0.395 0.072 0.031 0.023

eb [y] -3.33 1.31 1.65 1.33 0.820 -0.024 -0.005 0.009
1a [y] -0.480 0.509 0.370 0.237 0.043 0.011 0.003 0.004
1b [y] -0.737 1.023 0.766 0.697 0.535 -0.058 -0.022 -0.013

âîÿz) ce [y] 3.60 1.42 1:90 1.55 0.910 0.076 0.031 0.029

ci [y] 0.330 1.147 0.369 0.736 0.536 0.059 0.022 0.014
ci/ce 0.245 0.310 0.457 0.475 0.539 0.731 0.694 0.476

ne [°] -112.4 68.0 60.4 59.0 64.3 -18.2 -9.1 17.3

“1 [°] —123.1 63.6 64.6 71.2 85.4 -79.8 —81.6 -72.5

to the conclusion that the DS-field is not derivable
and that electric currents flow normal to the surface

of H and Z as well as of D and Z.
In Table 2, the coefficients ea, ab, z'a, z'b, amplitudes ce = (eâ+eä)1/2,

from a potential V
of the earth during

DS-variations. This case is not concluded here, and the differences mention-
ed are thought to be caused by incomplete and inaccurate data. Conclusions
drawn from the analysis in the following sections are valid for the analysis

6‘; = (iâ+z°â)1/2, ratios 635/66, and the phase angles 77e, m are listed. With
these values, the external part of SD is

SD(H)e

SD(D)e

SD<Z>e

MsîMs

H

II
3 HH

M8
îM:

îMu

îM:

H3 Hll

p.4

H

am; cos (Imß “4736) 51’137: /a’6

31?. sin (77205 _172'6) PËÎ/sinô

n am, cos (77205 —nZze) P777;

Œ
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From the numerical values of Table 2 it follows that:
a) The decrease of the amplitudes ce from the first to the second storm day
is greater for càe, which approximates the SD-field in lower latitudes, and
less for amplitudes câe with n > 2, which describe mainly the SD-field
in high latitudes.
b) The ratio cäi/cäe decreases from 0.32 during the first to 0.25 during the
second storm day. For the terms with n > 2, the internal part compared
to the external one, is greater, and the ratios increase from the first to the
second storm day.
c) The phase 17%.; shifts by about 50 degrees from the first to the second
storm day (that is, two degrees per hour). This agrees approximately with
the known westward drift of the asymmetric ring current during magnetic
storms. Cummings (1966) estimates a value of 3 degrees per hour westward
shift during the maximum main phase. For the other diurnal terms mainly
caused by the SD-variations in high latitudes, the phase shift from SD1
to SDZ is comparatively small.

To what extend the ratios n’a/ce and phase differences 771—7742 can be used
for investigations of the conductivity within the earth is not discussed here.

In studying the external magnetic field DS—variations, the internal part
is often not separated. The deviation of such non-separated fields from
those with a separated internal part is illustrated in Fig. 5. For the 8 latitudes
of the data, the curves represent the external part of SD1 (broken lines)
and the external plus internal parts (solid lines). Differences in the phase
and structure between the two fields are negligible, and only Z component
amplitudes show significant deviations.

4. Equivalent Currem‘ Syrtem: of t/ye DS—Field

Differences between internal and external parts of the DS—field or
between SD1 and SDZ may be clearly illustrated by equivalent current
systems, which can be calculated from the spherical harmonic coefficients
(e. g. Chapman and Bartels, 1940).

In the following figures, contours of the current function are drawn,
which, in effect, are streamlines of the electric current. The radius R of the
spherical surface on which the external currents flow is taken to be R = a +
100 km. In early studies it was believed, that such current systems represent
real ionospheric currents. However, in recent years, it has been established
that at least the low latitude DS-variation is mainly caused by the asym-
metric magnetospheric ring current. Therefore, the following current
systems should not be regarded as real current systems.

Fig. 6 shows (as a completion of Fig. 5) streamlines for the external
part (upper diagram) and the internal plus external parts (lower diagram)
of the SDl current system computed with the five terms of the diurnal
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Fig. 6. The external equivalent current system of the average SD1 (upper diagram)
and the internal plus external parts (lower diagram) computed with five coeffi-
cients (evaluated from H and Z component) for the diurnal terms. The current

flow between two lines is 4- 104 Amp. The null-lines are not drawn

mode; the latter is derived under the assumption that SD—variations have
only external sources. Both systems are very similar in their structure; for
example, the location of the westward electrojets which here flow from
higher latitudes at about 8.00 geomagnetic LT to lower latitudes at about
2.00 geomagnetic LT. Thus calculating equivalent current systems without
separating the internal part does not alter the structure of the system. Only
the equivalent current strength of the inner part must be taken into con-
sideration.
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Fig. 7. Equivalent external current systems of SDI (upper diagram) and SD2
(lower diagram) with the eight coefficients computed from I-I and Z components.
The current flow between two lines is 4*10‘1 Amp. Null-lines are not drawn

Equivalent current systems of the internal and external parts of 8131
and SD2 are compared in Figs. 7 and 8. These streamlines contain also the
three terms of the semidiurnal mode (w = 2) which leads to a slight asym-
metry of the current loops in the morning- and evening—sector. The phase
shift of the external part in low latitudes from the first to the second storm
day, as well as a shift of the polar loops to higher latitudes during the storms
can be recognized in Fig. 7. In the calculation of the internal current systems
of Fig. 8, a depth of 100 km for the spherical current surface was assumed.
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5. Conclmiom

A spherical harmonic analysis of the DSflfield during great magnetic
storms has been carried out using averaged data taken from Sugiura and
Chapman (1960). Since these data were limited to eight latitudes of the
northern hemisphere, symmetry with respect to the equator had to be
assumed. However, the data used seem to be the best average data presently
available. An adequate approximation required five terms of the diurnal
and three of the semidiurnal harmonics to be calculated.
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The considerable differences found between the coefficients computed
from the H component and D component were attributed to limited data
and the ambiguities introduced by averaging. The differences increase for
terms with greater n; these terms mainly describe the DS—field in high
latitudes which generally varies more for individual storms than the DS-
field in low latitudes. Thus in averaging several storms, there may arise
differences between the averaged high latitude DS-field and the actual
field of individual storms.

The separation of the internal and external parts reveals no appreciable
differences between the structure of the external DS-field and the total DS-
field regarded as a field of anly external origin. The ratios of the internal to
external part cËi/cäe have lower values than those obtained for the same
term from the analysis of the Sq—variation (e. g. Chapman and Bartels, 1940).
The ratios cËi/cèe, especially for SD2, are also lower than the corresponding
ratio within the first term in the analysis of Dst (Rikitake and Sato, 1957;
Schreiber, 1968).

In geomagnetic latitudes lower than 30 degrees, the average DS-field
is adequately represented by the first term of the expansion. The phase
shift of this part from the first to the second storm day approximates the
phase shift of the asymmetric ring current which thus may be described
roughly by the Pé-term. The phases of the higher order terms (n = 6, 8,
10), influenced mainly by the DS-variations in high latitudes and the polar
electrojets, are nearly constant during the first and second storm days,
suggesting that the asymmetric ring current, the field aligned currents, and
the polar electrojets do not always form a closed current system.

An estimate of error for the coefficients listed in Tables 1 and 2 is not
possible here because the averaged values of the data used are subject to
undetermined scatter. An indication of the reliability of the calculated
coefficients can be provided by a comparison of the coefficient values
computed from the horizontal component H and the declination D. The
considerable differences found here, suggest that appreciable errors are
present and that the results should be used with care for investigations of
the conductivity within the earth.

Acknowledgemenlx. The author thanks Prof. M. Siebert and Drs. H. Dragert
and P. Weidelt for their assistance in preparing this paper. The numerical calcula-
tions of the investigation were carried out on the UNIVAC-1108 computer of the
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Continuously recorded data are often reduced to hourly mean values in
order to decrease the amount of stored information and aliasing.

Consider the time series f(z‘) recorded on a strip chart with time marks
at regular intervals At. The values of the desired new series are

ti+At
- 1
fi = Elf(t)dt

(1)

Where 2' = 1, . . ., N. The standard graphic technique for obtaining these
mean values is based on fitting a straight horizontal line

:(z‘) = A. (2)
to the segment ti g 2‘ g 2‘; + At of the curve f(z‘) such that the difference

”(l‘) =f(l‘) — 50‘) (3)
has vanishing mean, i.e., ñi = O. Then the mean of Eqs. (2) and (3) yields

Ïi = 5i = 1413- (4)

In other words, the desired mean is the ordinate of the horizontal line.
This is the basis of the scaling procedure used at magnetic observatories
(McComb, 1952).

The modification proposed by this paper is to fit a straight sloping line

5(2) = A. + B. t (5)
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Fig. 1. Horizontal (a) and sloping (b) straight lines s(t) fitted to curvef(2‘). Vertical
lines are time marks. The hachured area,f(!)m.t(t), has zero mean. The mean value,
fi, is the intersection of .r(.z‘) with the vertical midpoint scale line (vertical dashed

line)

to the segment ß; < t < 22.; + A! of the curvef(r) (Fig. 1) rather than fitting
a horizontal line. As before, one requires the mean of the ditl'erence,f(f)———
:(î), to vanish. Then the mean of Eqs. (3) and (5) yields

Ïz‘ = 5t = Ai “l" Br ft-

Thus, the desired mean is the midpoint value of the fitted sloping line,
i.e., the value of 5(r) at 2‘ = fi + 0.5 Ar.

Note that the actual value of the hourly mean is the same whether
obtained by the best horizontal line or the best sloping line. The only
advantage of fitting a slope is that it is easier to equalize the areas above
and below the line if 71% is made small.

A very simple device has been used to obtain hourly mean values by the
sloping line method. The device consists of a scale (Fig. 2a) that is placed
on the strip chart record such that the hour marks of the record are aligned
with the vertical hour mark lines, [-1, of the scale and the horizontal base
line, L, is aligned with the base line of the strip chart. The midpoint scale
line, M, divides the hour into equal parts. A movable piece (Fig. 2b) with
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-1:MW

a b
Fig. 2. The scale, a, has two vertical hour marks, H, a midpoint scale line that
divides the time interval equally, M; and a base line, L. The movable piece, b,

has a straight line 5

a straight line, 5, is then placed on top of the scale and fitted with any slope
to hourly segments of the recorded curve. The fit is such that the difference
between the sloping line and the curve has zero mean. The desired mean
value is then the intersection of the sloping line with the midpoint scale
line. To eliminate parallax, the scale (Fig. 2a) is photographed on a thin
piece of plastic.

This device has been found to be fast, easy, and accurate. Routine
application of the device to telluric data indicates that in less than four
hours a month of data can be reduced to hourly mean values.

Reference

McComb,I—I.E.: Magnetic Observatory Manual, Special Pub. 283, p. 177——178,
U. S. Government Printing Office, \Washington, D. C., 1952

Dr. Jim C. Larsen
Hawaii Institute of Geophysics
University of Hawaii
Tsunami Research Effort NOAA
Honolulu, Hawaii 96822, USA
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A 10 to explosion was fired at June 11th, 1972 off the west coast of
Scotland (57°03.32’ N latitude and 6°09.15' W longitude). Details of the
explosion were reported by Jacob and Willmore (1972). The locations of
the shot and the recording sites can be seen in Fig. 1. The geographic
coordinates of the recording sites and the distances between the shot and
the receivers are listed in Tab. 1. The mobile seismic recording stations
MARS 66 (Berckhemer, 1970) were supplied and operated by the Uni-
versities of Bochum, Clausthal-Zellerfeld, Frankfurt, Hamburg, Kiel,
München and Münster and by the Geologisches Landesamt of Nordrhein-
Westfalen at Krefeld and the Niedersächsisches Landesamt für Boden—
forschung at Hannover. The seismic stations covered the distance range
between about 900 and 1700 km. Seismogram sections of the vertical
components are shown in Fig. 2 and Fig. 3. Each seismogram in Fig. 2 is
scaled independently to maximum amplitude. The same seismograms are
plotted in Fig. 3 on a more extended time scale and on one amplitude scale
for most seismograms. The amplitude scale of the seismograms at 1150 and
1173 km is unknown. The amplitudes of the seismograms at 938, 1232, 1249
and 1293 km must be devided by 0.125, 0.5, 0.5 and 0.1, respectively, in
order to be on the same scale as the rest of the seismograms. The onset
times of the arriving signals are not very clear due to the presence of much
noise. One relatively energetic phase of first arrivals, travelling with an
apparent velocity of about 8.2 km/s, can be recognized up to about 1300
km The apparent velocity of this phase is in good agreement with a linear

* Contribution Nr. 167 within the research program “Unternehmen Erd-
mantel” of the Deutsche Forschungsgemeinschaft.

Contribution Nr. 102 Geophysikalisches Institut der Universität Karlsruhe.
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Fig. 1. Location map of shot and receivers

extrapolation towards larger distances of the first arrivals of the long range
profile in France (Hirn at a!” 1973). Even the arrival times agree within
about 0.5 3 although the two shots and the receivers are located in different
regions. The energy of this phase dies out rapidly beyond 1300 km distance,
and the main energy is shifted towards later reduced times. There are
indications for a very weak higher velocity phase around 1500 km and
about 6 5 reduced time.

The same explosion was also observed on a profile across France (Hirn
er a}... 1974). The most important result of the observations in France seems
to be a very energetic phase, travelling with an apparent mean velocityr of
first arrivals of about 8.7 km/s, between about 1000 and 1500 km. The ar-
rival times at 1500 km, for example, are in France about 2.5 s earlier than in
Germany. The difference in apparent velocity and arrival times indicates
lateral variations of the upper mantle structure between France and Germany.
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Table 1. Geographic coordinates of receivers
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and distances shot-receivers

Latitude Longitude Distance (km)

7° 53.03’ 54° 11.08’ 938.66
8° 44.38’ 51° 17.09’ 1150.44
8° 58.36’ 51° 18.10’ 1173.53
9° 27.52’ 51° 04.40’ 1215.93
9° 36.82’ 50° 57.10’ 1232.93
9° 48.37’ 50° 51.75’ 1249.68

10° 03.57’ 50° 38.52’ 1279.14
10° 11.18’ 50° 32.23’ _ 1293.53
10° 28.08’ 50° 20.62’ 1322.74
10° 48.43’ 50° 20.63’ 1341.07
11° 02.98’ 50° 12.83’ 1363.61
11° 12.52’ 50° 04.47’ 1382.33
11° 27.27’ 49° 59.37’ 1408.84
11° 42.82’ 49° 51.97’ 1424.89
12° 01.48’ 49° 42.20’ 1453.68
12° 21.48’ 49° 30.60’ 1485.98
12° 32.08’ 49° 24.23’ 1503.39
12° 43.75’ 49o 16.72’ 1523.21
12° 54.98’ 49° 11.10’ 1540.32
13° 22.38’ 48° 57.88’ 1581.51
13° 35.97’ 48° 51.15’ 1602.19
13° 47.88’ 47° 51.18’ 1689.28

A comparison of our data with the upper mantle model of Mayer-Rosa
and Müller (1973) shows that the observed phase of 8.2 km/s is in good
agreement with this model. However, very energetic higher velocity phases
of later arrivals, which are also predicted by this model in the same distance
range, are not detectable in our data.

A comparison of our data with the results from the Early Rise explosion
shows, that on the Canadian Shield and in the northeastern part of the
United States much higher velocities, around 8.5 and 8.6 km/s, are observed
in the same distance range (Massé, 1973). Even in the western part of the
United States, where the possible low velocity zone is much more pronounc-
ed than in the East, a strong phase of about 8.6 km/s starts at about 1000 km
distance (Massé, 1973). This is similar to the observations in France (Hirn
et al, 1974) but it does not agree with our data. Wiggins and Helmberger
(1973) have observed in the western United States an apparent velocity of
about 8.4 km/s up to about 1000 km distance, which is only a little higher
than the velocity reported in the present paper. However, they also observed
a clear phase of second arrivals with a much higher velocity, starting at
about 1000 km distance. In our data the first weak indication for a velocity
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higher than about 8.2 km/s is at about 1500 km. This indicates that the
apparent upper mantle velocity between Scotland and the south—east of
Germany is clearly lower than most velocities observed elsewhere.

No attempt has been made to deduce a velocity depth model from the
presently available data since observations in shorter ranges are lacking.

The observations of the Scottish explosion in Germany were suggested by
Prof. Dr. Karl Fuchs. We wish to thank all the participants in this experiment.
This work was sponsored by the Deutsche Forschungsgemeinschaft.
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A slow speed spinner of the Foster type (Foster, 1966) consists mainly
of a 5 cps spinner shaft, a commercially made lock-in amplifier with two
separated amplifier channels and a millioersted magnetometer (fluxgate).
The usual measuring procedure for this and other types of spinner magne-
tometers is a 6-spin technique (Phillips and Kuckes, 1967). Each spin gives
2 separated components of the magnetic moment, one in phase with and
the other in quadrature with the shaft reference. A complete measurement
will thus eXist of a 12-moment observation, with 4 readings for each of the
three components X, y and z. The four readings are such that the positive
and negative value of each component is read on each channel of the
amplifier. This procedure gives a sufficient random operation for most
specimens and reduces possible drifts in the zeros as well as in the relative
gains of the two amplifying channels. The procedure, however, is rather
tedious and each measurement takes from 5 to 12 minutes depending on the
intensity of the specimen.

The different orientations of the specimen in the spin shaft is achieved
by manual operations which require a stop of the spin before each re-
orientation. Fig. 1a and b indicate two of the six orientations, giving the X-
and y-component with either sign, alternatively on the two output meters.
The spin condition of configuration b), however, may be obtained from
the one at a) without any turning of the specimen. With reference to Fig.
1a) and b) it is shown that the succession of the X and y vectors in the spin-
directions of the two configurations have been interchanged. This is the
same as reversing the spin of the shaft. It is further shown that the phase
relation between the reference and the x—axis is displaced ninety degrees in
the case of b). Thus, if a new reference source, with the proper phase
relation, is added to a) at the same time as the spin direction is reversed, the
spin condition of b) is attained (see Fig. 1c). This is obtained simply by the
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Fig. 1. a and b Schematic diagram of the spinning shaft and two of the six orienta—
tions of the specimens. c Alternative method with another reference and a reversed

spin direction. I: in phase meter. Q: quadrature meter

use of an electric switch. The new technique simplifies the procedure by
reducing the number of manual operations from six to three. The time
gained for each measured specimen, will on average approximate to 20—25
per cent.

As shown in Table 1 the two measuring techniques show good agree-
ment. Irregularities which could be connected to the new simplified method
have not been observed. Two possible cases, however, which may depreci-
ate the results should be mentioned here. Firstly, this is if the specimen
holder is displaced relative to the centre of the fluxgate probes at the same
time as the specimen is strongly inhomogeneous (Fig. 2a). The oH—centre
effect will of course be active in the conventional procedure as well, but in
this particular case a better cancellation of the effect is obtained. However,

b

I
Fig. 2. The figure illustrates the effect of inhomogeneities if the specimens are
displaced axially relative to the centre of the fluxgate probes. The shaded area is
imagined as the magnetic part of the Specimen. a off-centre position. b on‘centre

poflnon
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Table 1. Some of the results from the test between the old and new method

Old method New method

Sample D I Intensity D I Intensity
[Gauss] [Gauss]

SK 18b 321.8° 753° 0.1378-10’1 321.5° 76.5° 0.136340"1
SK 18a 282.0° ———50.5° 0.1609 ' 10’2 281.7° ——49.5° 0.1611 ' 10’2
SK 18c 265.2° —-41.4° 0.1621-10’2 264.6° ——40.7° 0.1610'10-2
AG 44 312.3° —10.0° 0.2768-10’3 311.6° — 8.9° 0.2728-10”3
AG 12 292.5° —53.4° 0.5210-10‘3 293.0° ——53.9° 0.515740"3
BS IIIa 171.5° 1.4° 0.1567'10“4 172.5° 2.0° 0.1552'10-4
AG 95 284.3° ——29.1° 0.5728-10‘4 283.9° ———30.4° 0.5794-10‘4
PR a 160.7° — 6.4° 0.1267-10‘5 164.9° —— 3.1° 0.1355-10‘5
CO 38 323.4° —22.0° 0.8016'10“5 320.2° —23.1° 0.8056-10‘5

for instruments properly centred problems of this kind should not arise.
Secondly, another possible drawback may be introduced if the two reference
sources have a different drift. A mechanical rotation of one reference
source by 90° instead of an electric switching between two sources. would
prevent such a possibility.

As mentioned before the method has been tried out on ordinary rock
specimens (cf. Table 1) as well as on various artificial test specimens. The
latter attempts were basically performed to study any effect from inhomo-
geneities. The test specimens, consisting of disks cut from ordinary rock
sylinders, were displaced axially in the specimen holder as illustrated in Fig.
2b). Nothing unusual was observed as long as the specimen holder is
centered with respect to the probes.

Reference:
Foster,J.H.: A paleomagnetic spinner magnetometer using a fluxgate gradie-

meter. Earth Planet. Sci. Lett. 1, 463—466, 1966
Phillips,].D., and Kuckes,A.F.: A spinner magnetometer. J. Geophys. Res. 72,

2209—2212, 1967

Mr. R. Hummervoll
Department of Geophysics
University of Bergen
N—5014 Bergen—U, Norway
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J. F. Griffiths: Climate: of Africa. World Survey of Climatology, Vol. 10,
H. E. Landsberg, Editor—in-Chief, 619 pages.
Amsterdam: Elsevier 1971, Dfl 225.00.

Seit dem „Köppen-Geiger“ ist keine Klimakunde Afrikas mehr erschienen,
die so umfassend und vollständig berichtet und gleichzeitig die Meßergebnisse der
letzten Jahrzehnte berücksichtigt. Nach einem einführenden Kapitel mit sehr
wertvollen allgemeinen Literaturhinweisen, werden in weiteren 14 Kapiteln vom
Verfasser allein und Zusammen mit seinen Mitarbeitern, von F. Bultot (Rwanda
und Burundi), J. D. Torrance (Malawi, Rhodesien und Zambia) und B. R.
Schulze (Südafrika) die einzelnen Klimagebiete durch die Elemente Druck, Strah-
lung und Sonnenschein, Temperatur, Niederschlag, Feuchte, Wind und Ver-
dunstung beschrieben. Oft treten noch Bewölkung, Gewitter, Hagel u. a. hinZu,
wenn entsprechende Beobachtungen vorliegen. Sehr wertvoll ist die Angabe der
Klimazonen und die für einzelne Gebiete eingeschobenen zusätzlichen Beobach—
tungen wie Z. B. Erdbodentemperaturen in 10, 20 und 50 cm Tiefe im äquator—
nahen Gebiet Innerafrikas. Damit gewinnt der Band bei sorgfältigem Studium
stetig. Z.T. sind die Änderungen der mitgeteilten Werte gegenüber früher recht
erheblich, was auf die bessere Ausbildung der Beobachter mit ZurückZuführen ist.
Denn in den Ländern mit langer Tradition sind die Abweichungen geringer. —
Wer manche Zonen aus eigener Anschauung kennt, freut sich, daß die mitgeteilten
Extremtemperaturen wesentlich unter denen liegen, die am Ort genannt werden
und daß man in der Kalahari Regengüsse erlebt, die 50% über den bisherigen
Extremen liegen.

Der 10. Band World Survey of Climatology ist genau so sorgfältig ausge-
stattet wie seine Vorgänger, zahlreiche Abbildungen und Tabellen ergänzen den
Text. Die ordnende und revidierende Hand des Herausgebers J. F. Griffiths ist Zu
spüren und verleihen dem Band eine wohltuende Geschlossenheit. Mögen die
am gesamten Werk fehlenden Bände bald in gleicher Güte erscheinen.

M. Diem, Karlsruhe

Sachs, L.: 514111111158 Methoden. Ein Soforthelfer für Praktiker in Naturwissen—
schaft, Medizin, Technik, Wirtschaft, Psychologie und Soziologie.
Berlin—Heidelberg—New York: Springer 1972, 2. neubearbeitete Auflage, 5 Abb.,
25 Tab., 1 Klapptafel, 105 Seiten, geheftet DM 8,80.

Das Büchlein enthält wirklich, wie der Autor im Vorwort schreibt, die wich-
tigsten einfachen Methoden der Statistik. Es ist in neun Abschnitte gegliedert und
behandelt die Grundlagen und Ziele statistischer Methoden (Abschnitt 1), die
Mittelwerte, Variabilität und unklassifizierten Beobachtungen (Abschnitt 2), die
Häufigkeitsverteilung und Summenhäufigkeitsverteilung (Abschnitt 3), die
Normalverteilung (Abschnitt 4), den Vertrauensbereich (Abschnitt 5), die sta-
tistischen Tests (Abschnitt 6), die Frage, wieviel Beobachtungen für eine statisti-
sche Bearbeitung benötigt werden (Abschnitt 7), die Korrelation und Regression
(Abschnitt 8) und im Anhang Schnellverfahren für den Vergleich mehrerer Mit-
telwerte (Abschnitt 9).

Das Heft ist einfach und klar geschrieben; durch viele Beispiele werden die
statistischen Größen und Verfahren sehr verständlich gemacht, so daß man sie
ohne große Mühe berechnen bzw. anwenden kann. Wer nicht Zu spezielle sta-
tistische Arbeiten plant, wird an dem Büchlein große Freude haben.

H. Mayer, Karlsruhe
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Abstract. Transverse, right-hand polarized waves propagating along a
magnetic field in the hot plasma of the solar wind consisting of protons and elec-
trons are discussed for frequencies in the vicinity of the proton gyrofrequency.
The thermal anisotropies of the particles are able to produce a nonresonant and a
resonant instability. The first one, called firehose instability, is driven by electrons
and protons, while the extension of this instability is produced by the electrons
only. The second one, called cyclotron instability, is maintained by the protons.
The same is true for the extension of this instability. Two different approximations
of the dispersion relation allow the analytic discussion of the firehose and the
cyclotron instability. In case the resonant velocities are not much larger than the
thermal velocities, the approximations are not valid, and it is necessary to discuss
the dispersion relation numerically. It is shown that enhanced electron or proton
anisotropies as well as greater film—ratios increase the growth rate and the unstable
frequency range. For low anisotropies and film-ratios only the cyclotron in-
stability does exist. For higher values of the parameter the firehose instability
arises in addition. Further increase of the electron anisotropy or of the Blip-ratio
leads to an extension of the firehose instability and to a switching of the polariza-
tion-sense, while the wave is propagating antiparallel to the magnetic field —
even if the protons are isotropic. This change in the polarization-sense was not
found in the analytic approximations, which are possible if the resonant velocities
are much larger than the thermal velocities.

Key wordy: Plasma Waves — Solar Wind —— Parallel Propagation of Waves in
Bi-Maxwellian Magnetized Plasma.

1. Introduction

Parker (1963) discussed the expansion of the solar wind with the aid
of the hydromagnetic theory. By reasons of the conservation of the energy
of a particle and of the first adiabatic invariant Parker predicted a thermal
anisotropy near the earth. Measurements, which confirmed an anisotropy
of the protons (Hundhausen, 1968; Hundhausen et al., 1970) and electrons
(Hundhausen, 1968; Montgomery er al, 1968), nevertheless gave smaller
values than those to be expected by an exospheric model. Instabilities,
caused by the anisotropies, may produce the observed values.
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In this paper we want to investigate the transversal right—hand circularly
polarized electromagnetic waves propagating along a uniform magnetic
field in a hot plasma close to the proton gyrofrequency.

The thermal anisotropies in the solar wind TII > Tr (T =temperature,
the subscripts H, _|_ refer to the directions parallel and perpendicular to the
average magnetic field, respectively) lead to two instabilities. The Alfvén
waves deform the magnetic field. If the anisotropies are strong enough, the
particles are subject to centrifugal forces while running along the bended
field, causing the “firehose” instability. Protons with a velocity so high
that they “see” the electric field of the wave with their own gyrofrequency,
may drive a resonant instability in the vicinity of the proton gyrofrequency:
the cyclotron instability. Electron anisotropy and high ß—ratios (ß is the
ratio of the thermal to the magnetic pressure) increase the growth rates.

If damping or an instability occurs the energy exchange alters the
anisotropies of electrons and protons. Resonant instabilities have only a
small influence in varying anis otropies, because there are only few particles
which produce the instability. The resonant particles have a great influence,
however, if they are near the maximum of the distribution function.

For the analytic treatment of the firehose instability and of the proton
cyclotron instability one can use an asymptotic expansion of the dispersion
relation. The asymptotic expansion is possible in case the resonant velocities
are much larger than the thermal velocities. In case the resonant velocity
of the protons is much smaller than their thermal velocity a different
expansion is possible yielding another limiting case.

2. T126 Dispersion Relation

It is assumed that the plasma is collisionless and consists of protons and
electrons moving in a static and uniform magnetic field. The particles obey
an anisotropic Maxwellian distribution function. Therefore the dispersion
equation can be derived from Maxwell’s equations and the Vlasov equation.
In the linear approximation the result for transversal waves propagating
parallel to the static magnetic field is the following

___°ï’2_”_"_Ë Ëî _ M —d)——Z _K 1 Zm... .2 +ß..p l (MW? W e( +ze (ze)))+
+ (2’— Z<zp> -— Kp(1 + s(zp)))] = 0 (1)

(Montgomery and Tidman, 1964; Rehn, 1972)
where c2) is the complex frequency normalized by the proton gyrofrequency.
Growth or damping of the waves are indicated by a positive or negative
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imaginary part of the frequency (î), respectively. ‚8M, is the ratio of the
parallel thermal pressure component of protons to the magnetic pressure.
The thermal proton velocity is defined by

2 ZxT
”Hp = _"p

”’10

where 772p is the proton mass and x is Boltzmann’s constant. o is the speed
of light, and Ke=1 ——(Tl/T„)e, Kp =1 ——(Tl/T„)29 (the indices o, p refer
to the electrons or to the protons, respectively) while M is the mass ratio
of protons to electrons, and TV is the ratio of the temperature parallel to the
magnetic field of the electrons to that of the protons.

Finally Z is the plasma dispersion function given by

Z(z) = exp(—-z2) (il/Ë -—
Ä

exp (2‘2) dt)

Where the arguments are

z. = (a ï M>/<ÆVM-TV>
and

zp = (â) :l: 1)/’ê

If the real part of â) is positive, the upper signs refer to a right—hand
and the lower signs to a left-hand polarized mode. In this paper we only
consider the upper sign. Numerical values for the function Z(z) are found
in Fried and Conte (1961).

5. Approximaz‘z'om of the Dispersion Relation

In order to discuss some properties of the instabilities, it is convenient
to obtain an analytical solution of the complicated dispersion relation (1).
Therefore it is useful to consider approximations of the dispersion relation.

To obtain an approximation one can use the asymptotic expansion of the
plasma dispersion function, which is valid in the case [z] >> 1, for both
protons and electrons.

Z(z) = 551/7? exp(—z2) — [à + 2—l + Il+...] (2)
where

O
a = { 1 for Im(z)

2 AIIV
O
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lzl >>1 means that the velocity of the resonant particles is large compared
to the velocity of the thermal particles, i. e. there are only few resonant
particles.

Another critical case is given by |z| < <1, which means that the particles
are near the maximum of the distribution function. This case allows us to
expand the plasma dispersion function into a Taylor series:

Z(z) = iv; exp(—z2) — 2z(1——2z2/3 i. . .) (3)

3.1. The Firehose Instability

Using the asymptotic expansion (2) in the dispersion relation (1) and
neglecting the exponential term in (2) because of few resonance particles
and terms higher than second order, we get the approximate dispersion
relation

wZv..p<1+ wâp/Qâ + wäe/Qâ -— Mam —ß„/2 + lei/2) = 0 (4)
where ß“ (ßL) is the ratio of plasma pressure parallel (perpendicular) to
the magnetic field B0 to the magnetic pressure. (opp, wpe are the plasma
frequencies for protons, and for electrons respectively. Furthermore [21,
is the gyrofrequency of protons, and .Qe that of electrons. (4) is the dis-
persion relation for Alfvén waves if ,6“ =,6_L=0. The condition for an
instability, i. e. Im (ob) > O, Æ > O is determined by

1 " ßn/2 + ßL/2<O' (5)
Transforming (5) leads to

film (1
_

Tuprp)
+ fine (1

_
Tile/lTie)

> 2 (6)

with the definitions

‚51110 = 8””07‘T11p/Bä ‚ flue = 8nn0xTHe/Bg

no is the average particle density of protons and electrons.
This well known instability is called “firehose” instability because the

magnetic field lines become deformed like a firehose which is not fixed.
Running along the curved field lines the particles experience a centrifugal
force which tends to enlarge the curvature. For this reason the firehose
instability arises for frequencies lower than the proton gyrofrequency.
Close to the proton gyrofrequency the instability vanishes because of the
inertia of protons which no longer follow the curvature of the magnetic
field.

For high values of ßllp, small proton anisotropies satify (6). Since in
most cases the electron temperature is higher than the proton temperature
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in the solar wind, smaller electron anisotropies are sufficient to produce
firehose instability.

The condition (5) or (6) is determined by the fluid-like behaviour of the
plasma only, and does not contain specific properties of the distribution
function like a resonance instability.

Shapiro and Shevchenko (1964) considered the quasi-linear stabilization
of firehose unstable Alfvén waves in a plasma with anisotropic velocity
distribution. They obtained equations for the changes in the longitudinal
and transverse ion thermal energies.

Hollweg and Völk (1971) have shown that the firehose instability
always increases the perpendicular temperature, but lowers the parallel
temperature if only TH / Ti > 1/2. This process leads to the situation that (5)
is not fulfilled, and therefore a stabilization takes place. They pointed out
that in the case of a growing wave the thermal energy of particles decreases.
Often in the solar wind these energy exchanges are valid for the electrons
only. For this reason the observed electron temperatures may be lower
than the temperatures predicted by Hartle andSturrock (1968).

For the resonant protons near the maximum of the distribution func-
tion, i. e. |s <<1, while for the electrons lzel >>1, one can use the
Taylor expansion for Z(zp) and the asymptotic expansion for Z(ze) to find
an approximate dispersion relation. Under these assumptions Hollweg and
Völk (1970) obtained an extension to the firehose instability. This instability
is driven by anisotropic electrons firehoselike and has significant growth
rates, if Kp>1/2 or TIIp/Tlp>2 for frequencies CDT —Kp>0. a“), is the
real part of ä). Since this instability is produced by the electrons only, the
electron temperature decreases, while the temperature of the damping pro-
tons increases.

3.2. The Cyclotron Instability

The fluid-like behaviour of the plasma determines the firehose in-
stability. Treating this instability we could therefore neglect the exponential
term in (2). On the other hand the cyclotron instability is a resonance
instability determined by the distribution function. Here it is necessary
to consider the exponential term.

Under the condition |Im(z)| <<|Re(z)| it is possible to expand Z(2)
in a Taylor series around a real point zo. The first two coefficients are
obtained utilizing the asymptotic expansion (2) for real arguments. Ne-
glecting terms higher than third order in (2),. we get from (1)

‘ 2 ‘2 . .
__ ff: ”up L . w, w, =

ß"? ”2
+

131m
+ M

(Dr—M + a“)7+1
O (7)

and
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_ l_/_7_z a“), [(15, - Kp(â>r+1)]CXP[—(â)r+1)2/Ê2] (8)Æ lêz/flup+M/(â)r --M)2 + 1/(<î>r+1)2
(Dz:

where ein = Im (co).
Eq. (8) is the well known (e. g. Kennel and Petschek, 1966) growth rate

of the cyclotron instability in the neighbourhood of the proton gyro-
frequency. This instability arises, if the right hand side of (8) is positive,
i. e., if

d),- — Kp(cbr + 1) <0. (9)

Transformations of (9) are

Kp > (Dr/(6W + 1) (10)
and

ä» < Kp/(l —Kp). (11)

The thermal anisotropies in the solar wind near the earth are such that
T„ > Ti, i. e. Kp >0. Eq. (10) shows that the cyclotron instability is
possible in the solar wind. Isotropic protons (Kp=0) cannot drive an
instability because of (11), while Kp>0 always produces an instability
in the frequence range O <cbr <Kp/(1 — Kp).

The sign of (8) is determined by — [(2),- — Kp (w,+ 1)] = 1 — (wr—l— 1) -
. TJ_p/ T„p. Since â); is proportional to 1 —— (cz),+ 1) T_Lp/ T„p, the higher the
growth rate the lower the ratio Tlp/T„ p is.

Brice (1964) pointed out that the cyclotron instability diminishes the
anisotropy — the ratio T"p/Tm —, which produces the instability, while
T„p decreases. On the other hand cyclotron damping creates or amplifies
the anisotropy of protons, while Tl1p decreases. Therefore the marginal
stability is given by a finite thermal anisotropy with T„p > Tu» Since by
assumption there are few resonance protons, these can influence the aniso—
tropy, which is produced by all protons, slightly only.

In the framework of quasi-linear theory Kennel and Engelmann (1966)
showed resonant and nonresonant instabilities force the particle distribu-
tions towards marginal stability. While stabilization takes place only reso-
nant particles with velocities of the order of the phase velocity or less are
scattered in energy at a rate comparable with their pitch angle scattering
rate. The other resonant particles with velocities much larger than the
phase velocity suffer pitch angle scattering only.

Looking at the resonant energies of the protons it can be shown that
high film-ratios or not too small electron anisotropies are able to lower this
resonance energy (Kennel and Scarf, 1968). Because of this lower limit
many thermal protons now can maintain the instability.
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Using the asymptotic expansion for Z(ze) and the Taylor expansion
for Z(zp), which presuppose that the resonance protons are near to the
maximum of the distribution function, Hollweg and Völk (1970) found an
extension to the firehose instability. This instability appears if (11) is ful-
filled and is sustained over a broader frequency range if T„p > 4 Tm. Now
the resonant protons are thermal particles, and they are able to reduce the
proton anisotropy.

4. Numerical Solution: of tbo Dispersion Equation

The possible analytical approximations are applicable for special
parameter sets only. In order to generally investigate the influence of
various thermal anisotropies and film-ratios as a function of frequency, it is
necessary to compute the dispersion relation without any approximation.

The plasma dispersion function Z(2) can be calculated in the complex
z-plane by various methods (Rehn, 1974).

The first method is a numerical integration for small arguments. Because
of the round-off errors for great arguments the function Z(z) is then
computed by an asymptotic expansion and, if the imaginary part of z is
large enough, by a continued fraction.

In the numerical work typical physical parameters of the solar wind near
1 AU have been chosen as well as a pair of low and high values for each
quantity. The values for T“p and T„6/ T„p are always the same.

The abbreviations in the figures mean: TPE/TSE is T”6/Tre: TPP/TSP
is the same for protons, TV is Tue/T„ p, BETA is film, while FIREH is
defined by the left hand side of (6). FIREH >2 indicates that the firehose
instability is possible. Nearly each figure contains several curves, which are
marked by several symbols. The curves are computed by the parameter
values characterized by the same symbol, while the other parameters are
valid for all curves.

In Fig. 1. the imaginary part of the frequency, normalized by the
gyrofrequency of the protons, (1),; =WI/GYP is plotted versus the real part
of the frequency cbr=WR/GYP which is also normalized by the gyro-
frequency of the protons. Protons and electrons are assumed to be isotropic
(TPE/TSE=TPP/TSP =1). TV=5 and TPP =4000O have been chosen
for all other figures. Because of the isotropy of protons and electrons the
criteria of instability (5) and (6) are not met, and the waves are damped
only. The damping rate and frequency range, in which damping exists,
increase with increasing ßHp.

If the protons are anisotropic (Fig. 2), the positive imaginary part of the
frequency WI/GYP shows that instabilities exist. The film-ratio influences
the growth rate in the same sense as the damping rate: the growth rate
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increases with increasing ß“ ‚p. This becomes clear, if one considers the reso-
nant energy of protons. The three curves belonging to low ß” p—ratios show
two properties of the cyclotron instability : both, the unstable frequency range
and the growth rate, increase with increasing ‚8“ p. The value ß“ p = 5 leads to
FIREH >2 indicating the rising of the firehose instability. Now the
cyclotron instability goes over into the firehose instability existing also
at low frequencies. The unstable frequency range is very broad in case of a
firehose instability, while a resonant instability alone like the cyclotron
instability produces a small unstable range.

The growth rate and the unstable frequency range increases with
increasing proton anisotropy (Fig. 3). Fig. 3 shows that the enhancement
of the proton anisotropy enhances the growth rate and the unstable fre-
quency range in the same sense as the enhancement of 13“ p does.

Anisotropic electrons increase the growth rate of the cyclotron in-
stability the greater the ratio TPE/TSE is (Fig. 4). Since they lower the
phase velocity, the number of resonant protons becomes greater, which
means that the growth rate increases.

The results shown in the first four figures can also be obtained analytically
using the approximation of finite gyroradius (Kennel and Scarf, 1968).

In Fig. 5 the phase velocity VPH, normalized to the speed of light C,
is plotted versus the normalized frequency WR/GYP. The protons are
isotropic, and the electrons are assumed to be anisotropic. As we have seen
above the phase velocity decreases, while flnp increases. For flup =5
negative frequencies appear, a result, which has not been found in the
approximation of Kennel and Scarf, but which was confirmed by Watanabe
(1970) and by Pillip and Völk (1971). Negative frequencies mean that the
wave changes its sense of polarization from right to left while propagating
antiparallel to the magnetic field. For small film-ratios a damping of the
wave occurs (Fig. 6), but when fillp=5 there are positive growth rates.
Since the protons are isotropic, only the electrons are able to drive this non—
resonant instability. Though the isotropic protons tend to damp the wave,
the energy delivered by the electrons is sufficient to make the wave unstable.

The switching of the sense of polarization already appears for smaller
electron anisotropies, if the film-ratio increases (Figs. 7 and 8).

The protons and the electrons are assumed to be anisotropic in Fig. 9.
Because of FIREH >2 the firehose instability arises for low frequencies.
Near the proton gyrofrequency the cyclotron instability increases the growth
rate. For increasing frequency the number of resonant protons decreases,
and therefore the growth rate is diminished. Now the nonresonant elec—
trons in a firehose-like mechanism cause a positive growth rate and the
switching of the polarization. Finally the damping protons suppress the
contribution of the electrons to the extension of the firehose instability and
the wave becomes damped.
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5. Summary

For right-hand polarized waves propagating parallel to the magnetic
field two instabilities can exist in the vicinity of: the proton gyrofrequency,
if T“ > T! The first one is the firehose instability and the second one the
cyclotron instability, which in contrast to the first one is a resonant in—
stability. If the phase velocity is low enough, then extensions of these
instabilities exist.

Isotropic protons and electrons lead to damped waves only. Anim—
tropic protons produce the cyclotron instability the growth rate of which
increases with increasing ßllp and increasing proton anisotropy. While
increasing these two parameters one reaches a point where FIREH>2:
the firehose instability can exist. Now it is impossible to distinguish be-
tween the two instabilities. The enhancement of the electron anisotropy
increases the growth rates of both instabilities and finally leads to a switch
in the sense of polarization. If the protons are isotropic, the electrons alone
are able to produce a positive growth rate in the firehose manner.

This last instability causes a heating of protons and a cooling of elec-
trons, while the cyclotron instability cools the protons. Furthermore, the
instabilities decrease the parallel temperatures and increase the perpendicular
temperatures. Cyclotron damping of the waves causes the inverse eii'ects
for protons. Therefore it is difficult to predict theoretically in what direction
instabilities influence temperatures and thermal anisotropies.
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The Magnetic Anomaly of the Ivrea-Zone

Abxtmct. A magnetic field survey has been made in the Ivreazone in 1969/70.
This paper shows the results: A significant anomaly of the vertical intensity is
found. It follows the basic mainpart of the Ivrea-Verbano zone and continues to
the south. The width of the anomaly is about 10 km, the maximum measures
about + 800 y. The model interpretation shows that possibly the anomaly belongs
to an amphibolitic body, which in connection with the Ivrea-body was found by
deep seismic sounding. Therefore the magnetic anomaly provides further evidence
for the conception that the Ivrea-body has to be regarded as a chip of earthmantle
material pushed upward by tectonic processes.

Key words: Vertical Intensity of Magnetic Field —— Smoothed Curves of Anom‘
aly — Wavelength Filtering — Isolines —— Basic Mainpart —— Twodimensional
Modeling — Best Fitting Model Curve — Induced Magnetization — Suscepti-
bility —— Amphibolitic Body.

Zmammenfammg. In den Jahren 1969/70 wurden in der Ivreazone magnetische
Feldmessungen durchgeführt. Diese Arbeit stellt die Ergebnisse vor: Eine deut-
liche Anomalie der Vertikalintensität wird gefunden. Sie folgt dem basischen
Hauptzug der Gesteinszone Ivrea—Verbano und setzt sich nach Süden fort. Ihre
Breite beträgt ca. 10 km, das Maximum liegt bei +800 y Die Modellinterpre»
tation gibt Anlaß Zur Vermutung, daß die Anomalie einem amphibolitischen
Störkörper zugeschrieben werden muß. Dieser Störkörper ist dem seismischen
Ivrea—Körper im Südosten angelagert. Die magnetische Anomalie unterstützt
damit die Vorstellung, daß der Ivrea—Körper als hochgeschobener Span von
Mantelmaterial anzusehen ist.

Die Ivreazone ist in den letzten Jahren recht intensiv von verschiedener
Seite untersucht worden. Neuere Arbeiten über die geophysikalischen,
geologisch—tektonischen und petrographischen Gegebenheiten dieser Zone
haben zur Auffassung eines ausgedehnten, weit in die Tiefe reichenden
Störkörpers geführt. Die Vorstellung eines im Bereich der Moho—Zone
abgescherten und nach Westen über sialisches Material steil aufgeschobenen
Gesteinskörpers wird heute von vielen Wissenschaftlern geteilt.

Ein derart mächtiger, basischer bis ultrabasischer Gesteinskörper in
sialischer Umgebung dürfte auch eine merkliche Störung des Magnetfeldes
hervorrufen. Die Vermessung dieser magnetischen Anomalie kann einen
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Beitrag zur Beantwortung der Fragen nach Form, Lage, Ausdehnung und
möglicherweise nach dem Material des Ivrea—Körpers leisten. Mehrere
vorangegangene Arbeiten bestätigten diese Vermutung:

1. Die Vermessung des magnetischen Feldes im Schweizer Teil der
Ivreazone (Weber et 421., 1949) weist Anomalien bis zu +1200 y auf, die
weitgehend parallel zum Schichtstreichen verlaufen.

2. Gesteinsmagnetische Untersuchungen von Pavoni (1968) und
Fromm et al. (1970) zeigen, daß vorwiegend induzierter Magnetismus über
der Störungszone zu erwarten ist. Remanente Magnetisierung tritt dagegen
nur mit weit geringerer Intensität und sehr inhomogen auf.

Planung und Durcbfz’ibmflg der Merrungen

Eine Vermessung des Magnetfeldes in der Ivreazone mußte folgendes
Ziel haben:

1. Darstellung der magnetischen Anomalie der Ivreazone
2. Aussagen über die Trägersubstanz der magnetischen Feldstörungen
3. Vergleich der magnetischen Modellinterpretation mit anderen geo-

wissenschaftlichen Befunden.
Kann insbesondere die Vorstellung eines abgescherten Spans aus dem

Grenzbereich Kruste-Mantel von Seiten der Magnetik erhärtet werden?
Es wurden in mehreren Feldeinsätzen insgesamt 17 Profile quer zum

Streichen des Ivrea-Körpers vermessen. Ein zusammenhängendes Längs—
profil konnte wegen der schwierigen Geländeverhältnisse nicht gelegt
werden. Die Profile mit einer mittleren Länge von ca. 20 km verlaufen
entlang von Straßen oder begehbaren Wegen und Pfaden. Nur so konnten
die Messungen mit einem erträglichen Zeitaufwand durchgeführt werden.
Gewisse Abstriche an einer stets vollständigen Überdeckung der Anomalie
mußten dabei in Kauf genommen werden. Anhand einiger günstig gelege-
ner Profile wurde aber das Verhalten auch außerhalb der eigentlichen
Störungszone geprüft.

Gemessen wurde die räumliche Änderung der Vertikalintensität mit
einem Askania-Torsionsmagnetometer (GFZ) und einem Jalander-Kern-
sättigungsmagnetometer. Die Meßpunkte mußten sich nach den Gelände—
gegebenheiten richten. Sie konnten daher nicht äquidistant gelegt werden.
Es wurde aber ein mittlerer Punktabstand von 50—100 m auf den nördlichen
und 100—500 m auf den südlichen Profilen angestrebt. Die Wahl dieser
Meßpunktabstände erfolgte mit Hinblick auf die Aussagemöglichkeit der
Messungen. Zur Erfassung des großen, tieferliegenden Körpers wären
größere Abstände von 1000—5000 m ausreichend gewesen. Dabei wären
allerdings die Informationen über kleinräumigere Schwankungen sowie
die Möglichkeit zur Korrelation der Meßkurven mit petrographischen
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Abb. 1. Geologie der Ivreazone und die Profillinien der Feldmessungen
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Profilen verlorengegangen. Starke, kleinräumige Schwankungen treten
bei Wechsellagerungen, basischen Einlagerungen und über Serpentini—
sierungszonen auf.

Die einzelnen Profile sind in der Karte (Abb. 1) eingetragen.

Aufbereitung und Darstellung der Meß’werte
Zur Bestimmung der AZ-Werte aus den gemessenen Vertikalintensi—

täten wurden Normalfeldberechnungen für mehrere Basispunkte im Meß—
gebiet durchgeführt. Zeitliche Feldstörungen wurden durch Vergleiche
mit Variationsregistrierungen kontrolliert.

Zur Darstellung und Interpretation des magnetischen Störfeldes ist
eine Trennung der lang- und kurzwelligen Anteile nötig. Erst bei hinrei-
chend klaren Anomalieverläufen können Modelle konstruiert und ange—
paßt werden, die einerseits die Meßwerte (geglättete) befriedigen und
andererseits noch eine genügend gute Vorstellung vom tatsächlichen
Störkörper vermitteln. Die Daten wurden nach zwei verschiedenen Ver-
fahren behandelt.

1. Glättung durch Faltung mit einer Dreiecksgewichtsfunktion
Bei den Messungen wurden niCht nur die Meßwerte selbst, sondern

auch deren räumliche Schwankungen von Meßpunkt zu Meßpunkt beob—
achtet und danach deren Abstände eingerichtet. Mit diesem Verfahren
ergibt sich ein optimales Verhältnis von Informationsgehalt zu Meßauf—
wand.

Bei der notwendigen Glättung soll der erzielte Informationsgehalt
nicht verlorengehen. Es wurde deshalb eine Dreiecks—Gewichtsfunktion
verwendet, die sich in ihrer Breite den Meßpunktabständen automatisch
anpaßt. Bei den vorliegenden Daten wurde es für nötig und ausreichend
erachtet, jeweils 11 Meßwerte bzw. Meßpunkte pro Faltungsschritt zu er—
fassen.

Die so geglätteten Profilkurven sind insgesamt klarer als die Darstellung
der rohen Meßwerte. Insbesondere werden bei dieser Glättung vorwiegend
Fremdstörungen und nur ganz lokale geologische Störungen herausge—
filtert. Alle wichtigen Einzelheiten bleiben weiterhin erhalten und können
besser erkannt werden (Abb. 2a, b).

2. Glättung durch Filterung
Eine Glättung der Meßkurve kann auch durch eine Wellenlängen-

filterung mit einem Tiefpaß erzielt werden. Hierbei werden die kurz—
welligen Anteile der Anomalie stark unterdrückt. Es läßt sich zeigen, daß
dieser Prozeß der analytischen Fortsetzung des Potentialfeldes nach oben.
äquivalent ist.
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Abb. 2. Vergleich einer AZ-Kurve vor und nach Anwendung verschiedener Filter—
verfahren

Mit dieser „Tiefpaßfilterung“ und einer hieran komplementären
„Hochpaßfilterung“ läßt sich die Trennung der Anomalie in ihre lang- und
kurzwelligen Bestandteile durchführen (Abb. 2c, d).

Die verhältnismäßig rechenintensiven Glättungs- und Filterverfahren
wurden mit hierfür erstellten numerischen Rechenprogrammen ausgeführt.

Die Zusammenstellung der geglätteten Profile ist in Abb. 3a bzw. 3b
wiedergegeben. Die einzelnen Profile sind von N nach S so untereinander-
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Abb. 3a. Geglättete AZnKurven. Gewichtsfkt.: 11 Pkte. — Abb. 3b. Tiefpaß-
gefilterte AZ-Kurven. Grenzwellenlänge 19 = 4 km

gezeichnet, daß die Maxima auf einer Linie liegen. Dadurch wird die Ver-
änderung der Anomaliekurven von N nach S besser erkennbar.

Die Abb. 4a bzw. 4b zeigen die entsprechenden Isolinienkarten der
Vertikalintensität.

[Janamaleméarfm der gagläz‘fefen Prafile

Das durch Faltung gewonnene Anomalienbild (Abb. 4a) sollte auch
Informationen über oberflächennähere Störquellen enthalten, also mit der
geologischen Karte des Gebietes korrelierbar sein. Man erkennt, daß die
magnetische Anomalie in der gesamten Zone dem basischen Hauptzug
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folgt, allerdings etwas nach SO versetzt. Wie zu erwarten, erhielt man durch
dieses Verfahren ein detailliertes Bild der Anomalie. Es ist in vier Zonen
gegliedert:

1. Eine recht homogene Störung (NO—SW—Streichen) bildet den
nördlichsten Teil der Anomalie. Sie reicht von der Schweizer Grenze bis
südlich Varallo. Der Maximalwert liegt bei +600 y. Die Breite beträgt
3—4 km. Zu den Enden hin ist diese Teilanomalie leicht abgeknickt und
verbreitert sich dort auf 6 km.

2. Nach einer wieder schmaleren Übergangszone schließt sich ein
elliptischer Anomaliebereich zwischen Biella und Ivrea an. Der Maximal—
wert liegt hier bei +1000 y. Dabei zeigt sich eine Verschiebung des
Maximums nach SO. Von 0 bis +600 y hat die Störung einen starken
Gradienten im NW und eine flache Flanke im SO. Die Werte von + 800
bis +1000 y sind als „Höcker“ auf die Störung aufgesetzt und müssen
daher einer Asymmetrie an der Oberkante des Störkörpers zugesprochen
werden.

Deutlich ist in diesem Bereich die negative Voranomalie im NW, in die
eine positive Störung eingeschaltet ist. Die Voranomalie kann als Indiz für
ein flacheres Einfallen des Ivrea—Körpers gelten. Die positive Störung
korreliert mit dem Syenit von Biella und dem Diorit von Traversella. Die
Verbindung der Isolinien deuten auf einen Zusammenhang dieser beiden
mineralogisch verwandten Gesteinsarten hin.

3. Es folgt dann eine breite Übergangszone. Eine dreieckige Störung
von + 800 y ist zentral bei Castellamonte gelegen.

4. Nicht vollständig erfaßt wurde die südlichste Zone. Sie ist im
Zentrum vermutlich 12 km breit (6 km vom Maximalwert + 1200 y bis
Zur Nullinie), vorausgesetzt, daß sie symmetrisch senkrecht zum Streichen
aufgebaut ist. Die Symmetrie ist durch die + 800 y und +1000 y Linie
angedeutet. Sie zeigt ähnlich der nördlichsten Zone ein Abknicken des
nördlichen Endes.

Die Filterung mit der Abschneidwellenlänge Âo = 4 km ergibt das
Isolinienbild der Abb. 4b. Die Isolinien decken sich im großen Verlauf mit
denen der Abb. 4a. Die Gesamterscheinung ist allerdings einheitlicher als
bei den einfach geglätteten Profilen. Die Geschlossenheit der Anomalie
kommt stärker zum Ausdruck. Jedoch ist auch hier die Gliederung in die
vier oben beschriebenen Zonen möglich.

Auffällig ist eine scheinbare Verbreiterung der ersten Zone und eine
Verringerung der Breite in der zweiten Zone. Dieser Effekt darf jedoch
nicht einer formenden Wirkung des Filters zugeschrieben werden. Es
wurden hierzu Untersuchungen angestellt. Sie ergaben, daß bei der Filte-
rung nur die Störungen durch kleinräumige und oberflächennahe Quellen
herausgefiltert werden, während sich das langwellige Störfeld nur un—
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wesentlich verändert. Durch die Wahl eines sehr scharf abschneidenden
Digitalfilters konnten die lang— und kurzwelligen Anteile der Meßkurve
so „verlustfrei“ getrennt werden, daß bei einer probeweisen Addition der
beiden Komponenten nahezu die ursprüngliche Meßkurve wieder erhalten
werden konnte.

Bei der Analyse der hochpaßgefilterten Profile (s.u.) wird außerdem
festgestellt, daß die nördlichen Meßkurven und deren hochpaßgefilterten
AZ-Kurven starke strukturelle Ähnlichkeiten aufweisen. Dies deutet
daraufhin, daß dort der Hauptanteil der Störung durch die kleinräumigen,
oberflächennahen Quellen verursacht werden. Der tiefere Störkörper
liefert nur ein relativ schwaches aber breit— „verschmiertes“ also lang—
welliges Störfeld. Da angenommen werden kann, daß der tiefe Stör-
körper relativ homogen geformt ist, erscheint eine ziemlich konstante
Breite der Anomalie verständlich.

Zusammenfassend kann folgende Beurteilung der langwelligen Ano—
malie gegeben werden:

Die Nullinie umfaßt die gesamte Anomalie. Ebenso kann die +200 y
Linie durchlaufend gezeichnet werden. Die Teilstörungen, wie sie oben
beschrieben wurden, müssen daher als eine geschlossene Gesamtanomalie
betrachtet werden. Die sich in diesen Darstellungen ergebende Gliede—
rung könnte durch eine tektoniSche Zerscherung des Körpers bedingt sein.
Die Knicke im Streichen der Anomalie und das Symmetrieverhalten weisen
darauf hin. Auch ein unterschiedlich starkes Einfallen der Teilkörper
könnte diese Gliederung verursachen.

Während die erste und zweite Zone im Mittel derselben Streichrichtung
folgen (NO—SW), verläuft die vierte in N—S—Richtung. Dieser starke
Knick findet seine Ankündigung in der breiten Übergangszone 3. Die dort
eingeschlossene Kleinstörung weist auf ein Trümmerstück hin. Eine
möglicherweise vorhandene vertikale Zerscherung (den Nachweis muß
die Modellrechnung bringen) findet vermutlich in mehreren kleinen
Brüchen statt. Offensichtlich liegt auch eine Rotation oder horizontale
Verschiebung vor, wie der scharfe Knick der vierten Zone beweist.

Beide Darstellungen bestätigen die Aussagen der Seismik und Gravi-
metrie insoweit, als hier ebenfalls eine langgestreckte, relativ intensive
Anomalie gefunden wird. Die magnetische Störung ist jedoch etwas nach
SO verschoben. Darüber hinaus läßt sich eine stärkere Gliederung des
Störkörpers erkennen. Dies betrifft insbesondere den oberen Teil des
Körpers.

Auflagen der bocbpaßgqflfertm Profile
Die Hochpaßfilterung ist eine Interpretationshilfe für die Isolinien-

karten. Hierbei wird die Erkenntnis genutzt, daß die Meßwertschwankun—
gen in magnetisch gestörten Zonen vornehmlich in den Randbereichen
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groß werden. Die kurzwelligen AZ-Kurven sagen in erster Linie etwas über
die anstehenden oder dicht unter der Erdoberfläche liegenden Quellen aus.
Darüberhinaus kann diese Komponente der Meßkurve die Beschaffenheit
der Oberkante des Störkörpers erhellen.

Abb. 5 zeigt drei typische Vertreter dieser kurzweiligen Profilkurven.
Aufgetragen wurden untereinander das hochpaßgefilterte AZ—Prùfil, eine
Effektivwertdarstellung dieser Kurve und das zugehörige petrographische
Profil.

Einschränkend ist zu sagen, daß in den hochpaßgefilterten Profil-
kurven auch alle meß— und auswertetechnischen Fehler und Meßwert-
verfälschungen enthalten sind.

Die nördlichen Profile 10—74 zeigen eine ähnliche Struktur wie die
Meßkurven. Es kann daraus der Schluß gezogen werden, daß in ihnen noch
wesentliche Information über den Störkörper bzw. die Form seiner Ober-
kante (5.0.) steckt.

Die Korrelation dieser hochpaßgefilterten AZ—Kurven und ihrer
EHektivwerte mit den petrographischen Profilen ergibt eine eindeutige
Zuordnung der Bereiche erhöhter Meßwertschwankungen mit ultramafi-
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schem und insbesondere mit basischem Gestein. Besonders deutlich bildet
sich die Insubrische Linie in den Effektivwerten ab. Hieraus muß einmal
gefolgert werden, daß im Norden der Ivrea—Körper insgesamt dichter an
die Oberfläche heraufreicht bis schließlich zum anstehenden Ultramafitit—
körper von Finero. Zum anderen lassen diese kurzwelligen AZ—Kurven
keine einheitliche Anomalie erkennen, sondern nur Bereiche starker oder
erhöhter Schwankungen, die mit dem basischen Hauptzug korrelieren.
Dies bedeutet aus magnetischer Sicht eine unregelmäßige Oberkante des
Körpers. Oberhalb des geschlossenen Körpers sind „Intrusionen“ und
„Späne“ Zu finden, wie es auch die ultramafischen Linsen im Anstehenden
vermuten lassen (Lensch, 1968 a).

Die aufgezeigten Effekte nehmen von Norden nach Süden an Intensität
ab. Da aber bei den Profilen 10—74 deutlich zu erkennen ist, daß die hoch-
paßgefilterten AZ—Kurven über Sesia— und Canavesezone wie auch über
den Sedimenten der Po-Ebene „glatt“ sind, können auch für die weniger
prägnanten südlichen Profile Maxima und Spitzen der Effektivwerte als
Hinweis auf die Rauheit der Störkörperoberfläche gedeutet werden.

Der magnetische Ivrea-Körper muß nach diesen Befunden als „aus—
gefranst“, zersplittert und in Wechsellagerung mit dem angrenzenden
Material stehend angenommen werden. Dies stimmt mit den von Lensch
(1968a) aus petrographischen Befunden abgeleiteten Vorstellungen über
die Oberkante des Körpers überein.

Model/rec/mung

Bis hierher wurde nur das Erscheinungsbild der magnetischen Anomalie
vorgestellt und diskutiert. Es kommt nun darauf an, diese mit den übrigen
Indikationen der Störungszone zu verbinden und somit das Bild des Ivrea—
körpers zu vervollständigen. Aus allen zur Verfügung stehenden Kennt—
nissen und dem Anomaliebild der magnetischen Daten werden die Gestalt
und Anfangsparameter eines Modellkörpers festgelegt.

Grundsätzlich müssen hier zwei Gruppen von Parametern unter—
schieden werden:

1. geometrische Parameter, die sich auf die Form der Anomaliekurve
auswirken und

2. Materialparameter, die sich auf die Amplitude — also Intensität der
Anomalie auswirken.

Zu 1. Die relativ große Längserstreckung der Anomalie erlaubt eine
zweidimensionale Modellbehandlung. Betrachtet man die Lage des seis—
mischen (Berckhemer, 1968) und gravimetrischen (Kaminski und Menzel,
1968) Modelles und die der magnetischen Anomalie nach Abb. 4a und 4b,
so fällt auf, daß die magnetische Feldstörung sich nur über der östlichen
Flanke des Ivrea—Körpers ausbildet. Eine einfache Berechnung zeigt, daß
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die seismischen und gravimetrischen Modelle als magnetische Störkörper
betrachtet eine wesentlich breitere (ca. 25 km) als die gemessene Anomalie
(ca. 10 km) hervorrufen würden. Da nordwestlich der gefundenen Anomalie
keine wesentliche Abweichung vom Normalfeld erkennbar ist, muß der
magnetisch wirksame Anteil des Störkörperkomplexes geringer mächtig
sein und an der Südostflanke gesucht werden.

Insgesamt kann von der Grundform einer schräggestellten Platte aus-
gegangen werden. Als Ausgangswerte der geometrischen Parameter
wurden zunächst die Breite mit 2,5 km an der Oberkante, die Tiefenlage
der Oberkante und der Fallwinkel aber entsprechend der seismischen und
gravimetrischen Modelle angenommen.

Zu 2. Bezüglich der Magnetisierung wurde schon eingangs das Über—
wiegen des induzierten Magnetismus angeführt. Damit ist die Magneti-
sierung parallel zum Normalfeld anzusetzen.

Die Intensität der Magnetisierung ist der Suszeptibilität des in Frage
kommenden Materials proportional. Hierfür können verschiedene Werte
angenommen werden:

Für Peridotit kann nach einem von Nagata (1961) angegebenen Zu-
sammenhang zwischen der Zusammensetzung des Materials und der Sus—
zeptibilität ein Wert berechnet werden. Diese Werte liegen für die von
Lensch (1968b) analysierten Proben zwischen x = 9'10—3 (Pyroxenit)
und 25'10—3 (Olivin-Pyroxenit). Hornblende—Peridotit und Phlogopit—
Peridotit haben Suszeptibilitäten von ca. 23 . 10—3. Sie entsprechen den an
anderen Stellen zu findenden Literaturwerten.

Gesteinsmagnetische Untersuchungen (Fromm et 41., 1970) ergeben
dagegen für Peridotit der Ivreazone nur Suszeptibilitätswerte um 0,12 - 10-3.
Mit diesen geringen Werten müßte man einen sehr mächtigen Störkörper
als Quelle der gemessenen Anomalie annehmen. Diese so errechenbaren
Störungen würden aber weit breiter als die gemessene sein. Auch für die
errechenbaren Suszeptibilitätswerte können keine zufriedenstellenden
Modelle bzw. Anomaliekurven erzielt werden. Diese Werte liegen wieder
etwas zu hoch.

Für Biotit—Amphibolit wurden aber von Fromm (1970) Werte der
Suszeptibilität von 10 -10—3 gemessen. Für Gabbrodiorit gibt Pavoni
(1968) einen gleichgroßen Wert an.

Neben der Zusammensetzung der Gesteine übt auch die Temperatur
einen Einfluß auf die Magnetisierung aus. Bei einem normalen Temperatur-
gradienten muß man in ca. 20 km Tiefe mit einer Überschreitung des
Curiepunktes rechnen. Diese Überlegung führt zu einer Begrenzung des
magnetisch wirksamen Körpers nach unten.

Ein Computerprogramm ermöglicht die automatische Anpassung der
Modellparameter über den Vergleich der jeweiligen Modellanomalie mit
der gemessenen Störung. Dieses Rechensystem basiert auf einer Arbeit von
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Bosum (1968). Das Grundprinzip besteht in einer Anpassung aufgrund der
kleinsten Fehlerquadratsummen, wobei jeweils über die partiellen Ab-
leitungen der Parameter optimiert wird. Angepaßt werden Plattenneigung,
Plattendicke, Tiefe der Oberkante und Lage der Oberkantenmitte im
Profil.

Die Lage des Störkörpers bzgl. des Profils wurde nach wenigen Opti-
mierungsschritten festgehalten. Dadurch wirkten sich die Abweichungen
von berechneter und gemessener Anomalie voll auf die übrigen wichtigen
Parameter aus. Für die relativ ungenau vorgegebene Suszeptibilität wurde
mit mehreren festen Werten gerechnet (1 - 10-3, 5 - 10—3, 10 - 10-3, 15 . 10—3).
Die geometrischen Parameter sind zwar vom Verfahren her recht genau
bestimmbar, müssen aber im Rahmen der relativ ungenauen Annahmen
und Voraussetzungen der Gesamtsituation gesehen und beurteilt werden.
Der Vergleich mit dem Gesamtbild der Anomalie läßt die gefundenen
Modelle vertretbar erscheinen.

Ergebnisse der Modellreebnung

Abb. 6 zeigt die einzelnen Modellkurven im Vergleich zu zwei ge-
glätteten Profilkurven. Man erkennt sehr deutlich, daß die Suszeptibilitäts—
werte 5 ' 10—3, 10 - 10’3, 15 - 10’3 als gleichberechtigt anzusehen sind. Für
1 '10—3 ergibt sich zwar allgemein ein recht mächtiger Störkörper, eine
hinreichende Übereinstimmung mit der gemessenen Anomalie wird jedoch
keineswegs erreicht. Die gute Anpassung bei drei Suszeptibilitätswerten
ermöglicht es auch nicht, die Geometrie des Störkörpers stärker einzu-
engen. Für die Tiefenlage der Oberkante zeigt sich aber bei allen Profilen
eine geringe Bewegungsfreiheit. Der Neigungswinkel kann weitgehend
als konstant angesehen werden.

Anders ist es mit der Breite des Störkörpers. Hier spiegelt sich in erster
Näherung das Verhältnis der Magnetisierung im umgekehrten Sinn wider.
Dies muß auch vom physikalischen Standpunkt erwartet werden. Während
nämlich die Form (Steigung der Anomalieflanken, Symmetrie, Relation
Maximum zu Minimum) von Plattenneigung und Tiefenlage bestimmt
wird, gehen Magnetisierung (als Faktor) und Breite (Mächtigkeit) in die
Intensität der Anomalie ein. Die Breite besitzt dabei aber auch noch einen
formenden Einfluß.

Diesen Ergebnissen und Überlegungen folgend, ist Tiefe, Fallwinkel
und Lage des Körpers innerhalb der Zone relativ genau bestimmt. Da-
gegen kann für die Magnetisierung und Breite nur der Bereich eines mög-
lichen Wertes angegeben werden. Ebenfalls unkritisch wirkt sich die untere
Begrenzung des Körpers bei 15 oder 20 km aus.

Das Modell ist eine relativ schmale, steilstehende Platte. Oberkante und
Breite weisen leichte Schwankungen auf. Von Norden nach Süden ist eine
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Tendenz von zunehmender Tiefe und Breite unverkennbar. Der Körper ist
nach unten durch die Curietemperatur begrenzt, die in 15——20 km Tiefe
überschritten wird. Dieses Bild wird in der Darstellung der Tiefenlinien
(Abb. 7) gut erkennbar.

Auffallend ist das Umkippen der Platte zwischen Profil M5 und M6.
In diesem Bereich wurde auch schon eine deutliche Störung im Isolinien—
bild erkannt.

Zusammenfassende Beurteilung

Die klar erkennbare magnetische Anomalie stimmt sowohl in ihrer
langwelligen als auch in der kurzwelligen Komponente mit dem basischen
Hauptzug, der geologischen Anomalie, überein. Es ist daher anzunehmen,
daß im Süden des Meßgebietes unter den alluvialen Sedimenten basisches
bis ultrabasisches Material zu finden ist.

Die IsOlinienkarten der Anomalie erlauben im begrenzten Rahmen,
Aussagen über Struktur und Lage eines Störkörpers zu machen, der eng
mit dem anstehenden Material in Verbindung steht. Die Modellrechnung
ergibt einen in 2—3 km Tiefe liegenden, geschlossenen Störkörper ver-
mutlich aus Amphibolit. Magnetisch kann er bis ca. 20 km verfolgt werden.

Die oben festgestellte Abweichung des seismischen von dem mag-
netischen Störkörper wurde durch die errechneten Modellplatten unter—
strichen. Selbst bei dem großen Schwankungsbereich der möglichen
Suszeptibilitäten kann kein magnetischer Körper gefunden werden, der
sich mit dem seismischen bzw. gravimetrischen Modell deckt. Wie kann
dennoch eine Verbindung hergestellt werden?

Man darf bei dieser Frage die von Giese (1968) und Berckhemer (1968)
postulierte Zone rezenter AnateXis nordwestlich unter dem Ivrea-Körper
nicht unberücksichtigt lassen. Mit über 700 °C würde die Nordwestflanke
des Ivrea—Körpers eine Temperatur über dem Curiepunkt besitzen und
somit auch nicht magnetisch wirksam sein. Es erscheint dennoch fraglich,
ob sich der seismisch gefundene Störkörper allein aus diesem Grund auf
den gefundenen magnetischen Modellkörper verringern würde. Diese
Erklärung erscheint zu spekulativ.

Ganz zwanglos löst sich dagegen das Problem, wenn man als Quelle der
magnetischen Störung Biotit-Amphibolit ansieht. Dieses Material erbringt
für die Suszeptibilitat den gewünschten Wert (3.0.) und es treten Amphi—
bole und Hornblende—Peridotite vorwiegend an der SO—Flanke der seis—
mischen Störungszone auf. Es zeigen sich auch im Anstehenden mit den
gefundenen Modellen vergleichbare Breiten (Schmid in Lensch, 1968a).

Die magnetische Anomalie wird hierdurch auf eine bestimmte Kom—
ponente des Gesamtstörkörperkomplexes bezogen. Dies widerspricht den
Ergebnissen der Seismik und Gravimetrie nicht, da diese sich besonders
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auf die den Ultrabasiten eigenen hohen Dichten und seismischen Ge—
schwindigkeiten beziehen. Die Magnetik bestätigt damit die Annahme des
steil gestellten Erdkrustenschnittes und liefert Anhaltspunkte für die
Struktur der Unterkruste. Eine Durchsetzung, Verschuppung oder
Wechsellagerung von Peridotit mit Amphibolit läßt sich aus der vom
seismischen Körper abweichenden Plattenneigung erkennen (Abb. 7).

Die Isolinien- und Tiefenlinienkarten zeigen, daß die Platte Zeichen
tektonischer Beanspruchung aufweist, die auch von den Modellen durch
Überkippen bestätigt werden.

Die Modellplatte kann nur als Grundmodell angesehen werden. Ins-
besondere die Oberkante wird in Wirklichkeit wesentlich vielgestaltiger
sein, als es im Modell angenommen wird. Die kurzwelligen Anteile lassen
auch oberhalb des Körpers bis zur Erdoberfläche magnetisches Material
erkennen.

Diese Untersuchung wurde im Rahmen des Schwerpunktprogramms „Unter-
nehmen Erdmantel“ mit finanzieller Unterstützung durch die Deutsche For-
schungsgemeinschaft durchgeführt. Die Anregung zu dieser Arbeit stammt von
Prof. Dr. H. Berckhemer, dem ich auch für die kritische Durchsicht des Textes
danke. Erste Meßergebnisse wurden anläßlich einer Exkursion des Frankfurter
Universitätsinstituts für Meteorologie und Geophysik 1969 gewonnen. An den
weiteren Feldarbeiten haben die Herren K. Lorenzen und N. Merz teilgenommen.
Herrn W. Mahler danke ich für die Ausführung der Zeichenarbeiten. Nähere
Einzelheiten über die Meßdaten und die Bearbeitungsmethoden finden sich in der
Diplomarbeit des Verfassers, die im Institut für Meteorologie und Geophysik der
Universität Frankfurt (1973) eingereicht wurde.
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Abrtract. A high-frequency method is described that, working at 10 mega-
cycles, enables very sensitive measurements of magnetic, paramagnetic and even
diamagnetic susceptibilities and losses of rocks and minerals within a temperature
interval ranging from ——196 °C up to about 700 °C. The physical principle is
explained and a detailed wiring scheme illustrates the technical realization. The
evaluation of the output signal is based on a theory of measurement which yields
three different measuring techniques, the advantages and disadvantages of which
are also discussed. To succeed in getting absolute results a somewhat sophisticated
calibration procedure is worked out and has been tested using salts of known
paramagnetic properties. Some experimental results finally exemplify the wide
ranges of sensitivity and applicability of the method.

Key words": Magnetic Susceptibility — Hysteresis Loss —— Magnetic Anisotropy
— Curie Point —— Phase Transition.

§ 7. [nlrodmtion

On the occasion of the ‘NATO-conference on Paleomagnetic Methods’,
held in the Physics Department of the University of Newcastle upon Tyne,
April 1—10, 1964, two different high—frequency methods have already been
discussed with respect to their applicability to rock magnetism.

The first one, working on the priciple of a usual ac—inductivity bridge
at a frequency of 1000 cycles/sec, has been described by Fuller (1967) who
pointed at the relatively high sensitivity of such a technique and demon-
strated its usefulness for anisotropy measurements. The second one, the
so-called Fraunberger high-frequency method, see Fraunberger (1955),
was explained by Petersen (1967). It is working at 10 megacycles/sec on
the principle of two coupled oscillating circuits one of which contains the
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sample as a core of its oscillating coil. This latter method, measuring
mainly the high—frequency losses, was emphasized to be quite helpful in
determining Curie points of rocks.

Reading these papers, one easily gets the impression that both methods
represent two opposite limiting cases of one ideal measuring principle
which however might be synthetized from them and which then should be
suitable for performing very sensitive simultaneous measurements of
susceptibilities and losses as well. In fact, according to Ehrenfest (1933)
high-frequency losses are extremely sensitive to transitions of Curie points
and generally to all kinds of second order phase transitions which cause
sharp maxima of such losses. On the other hand the susceptibility’s tensor
character is a sufficient basis for anisotropy measurements.

The aim of the present work was therefore to combine both earlier
methods in order to develop at least an approximation to that ‘ideal’
measuring principle. When we had to decide whether to start from Fuller’s
bridge or from Fraunberger’s high-frequency method we preferred the
latter because of its use of oscillating circuits which we regarded to be a
necessary condition for achieving high sensitivity. A more detailed ex—
perimental study of the original Fraunberger apparatus however brought
some imperfections to light which turned out to be rather unfavourable
and should thus be avoided when developing the new device:

1. to get the measuring results, the system of coupled oscillating circuits
so far had to be retuned at each measuring point, i. e. for instance after each
variation of the temperature or any other parameter; thus no automatic
recording could be carried out at all;

2. as no detailed theory of the real measuring device ever had been
worked out mathematically, it remained somewhat mysterious how the
susceptibility could have been measured at all;

3. it was completely unclear how to use that apparatus for simultaneous
measurements of susceptibilities and losses;

4. one of the most important fields of application, the determination of
the spectrum of Curie points of a given rock, was limited to rather volum-
enous and strong magnetic samples only because of the difficulty to avoid
a very marked increase of the zero signal with increasing temperature
caused by the temperature-dependent losses of the coil and of the furnace
material itself; additionally that undesirable effect showed a considerable
temperature hysteresis as is illustrated in Fig. 1 by the dashed curves.

We think however that we could succeed in overcoming these diffi-
culties and it is another purpose of the following sections to report on our
solutions of the above sketched problems.
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Fig. 1. Measuring example shown by Petersen (1967) in order to illustrate the
applicability DE the original Fraunberger high—frequency method. The output
signal, being proportional to the high—frequency losses, was obtained during a
heat treatment DE a basalt sample of the ‘Rauher Kulm’. For comparison with our
respective results see Fig. 7 and S 4., point 2. The dashed curves are due to
temperature hvsteresis caused by temperature—dependent losses DE the measuring

coil, the sample container and the furnace material

§ 2. Tbs .Modrfiea’ Hay-Frequency Apparatus

The original ‘Fraunberger apparatus’ was first described by Frann-
berger (1955) and by Schwarz (1963). Its idealized wiring diagram, sketched
in Fig. 2, shows the apparatus which consists mainly DE a quartz-stabilized
high—frequency generator working at about 10 megacycles per second and
driving two inductively coupled oscillating circuits each of which again is
coupled to a respective recording device consisting of a rectifier diode
followed by a low band pass connected in series with a galvanometer.

The disadvantages DE such a rather simple device are obvious:

a) no automatic recording;
b) no sufficiently clear separation between the high-frequency gene-

rator and the oscillating circuits;
c) low signal/noise ratio at the outputs DE the registrating devices;
d) no zero suppress.

Thus, in order to realize the improvements announced in ß 1, we mo-
dified the wiring scheme DE Fig. 2 into that one shown in Fig. 3. As ma;r be
seen from that figure, the new device just eliminates the weak points
summarized above, Le. the new apparatus is working with:
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Fig. 2. Wiring scheme of the original Fraunberger high-frequency apparatus, see
Fraunberger (1955). „(26.: quartz generator, MC: meaSuring coil, G: galvano-

meter
Fig. 3. Wiring scheme of the modified high-frequency apparatus. QG quartz
generator, R regulating equipment, B buffer, MC measuring coil, LAMP inte~

grating amplifier, RV reference voltage, OC overrange control

1. three oscillating circuits the currents in each of wich alternatively
can be kept extremely constant by means of an integrating feedback system
(which trimms the amplitude of the regulated circuit to the amount indicate
ed by the reference voltage of the respective recording device); particularly
is it now possible to stabilize the amplitude in circuit I which then acts as
an extremely constant, inductively coupled high-frequency generator;

2.. much better signal/noise ratio for instance in circuits II and III if
circuit I is stabilized;

3. a very wide-ranged zero suppress brought about by use of differential
amplifiers in each recording device;

4. high output voltage up to ten volts;

5. an error device signalizing overload of the high—frequency generator.

As the clear separation between high-frequency generator and circuits
II and III now allows exact theoretical treatment of the latter ones, it is
sufficient now (according to the outline given in the succeeding g 3) to
record the output signals as functions of the temperature {or of other ex-
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ternal parameters) in order to evaluate the susceptibility as well as the high-
frequency losses. Thus the condition of automatic recording also can be
fulfilled —— but besides, of course, it is still possible to use the former
measuring technique proposed by Fraunberger (1955) and Petersen (1967).

Some brief remarks concerning the differential amplification of the
measuring signal may be added:

a) the field-effect transistors at the input of each of the three low noise
low bias current operational amplifiers have been carefully selected with
respect to extremely low offset drift which was tested experimentally;

b) the reference voltage source is double-stabilized and gives a reference
voltage of very low temperature coefficient; this voltage is calibrated over
a range from 0.000 to 0.999 Volts and can be adjusted by a digital display;

c) each operational amplifier computes the difference between the
rectified high—frequency voltage VHF and the reference voltage VRefd
multiplicated by an amplification factor A, i. e.

Vout = A ° (VHF - VRer.)‚ (1)
where

A =1; 10; 100; 1000.

§ 3. Tbeory of the Measuring Procedure

I. General Concept

Starting in a similar way as Schwarz already had chosen in 1963 in order
to develop a quantitative theory of the Fraunberger apparatus, we base our
considerations on the following set of equations the physical meaning of
which is also illustrated by the vector diagram shown in Fig. 4:

Ü12+Ü32=Î2‘(R2+i'w°L2+1/i'w'C2) (2)

Ü23=Î3'(R3+i'w°L3+1/Î‘Œ‘C3); (3)

here the ac—voltage U11; induced in circuit k by means of inductive interac-
tion with circuit i, is given by

Ü1k=——i°w°Lik°fi‚i‚k=1;2;3; (4)
with j = (——1)1/2, with Lik = Lki denoting the coupling inductance be-
tween circuits i and k, and with the ac—current 1.1 of circuit i being represent-
ed by

I1 = Ii ' EXPO ' (a) ' t-I- 0(1)), (5)
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j-ü'(L1—1/co1-Cg)

j“ w'LfiIJ

f

Fig. 4. Vector diagram illustrating the phase relations taking place in a system of
three inductively coupled oscillating circuits. Fig. 4a. describes the more general
case of (Lg—‘l/m2 ' C2) > 0, while Fig. 4b. is true if circuit II is tuned to resonance,

i.e. if (Lg—llm2 -C2) = O

where the or, are defined in Fig. 4. The symbols R2 and R3, L2 and L3, and
C2 and C3 designate the total resistance, the total inductance, and the variable
capacity of circuits 2 and 3, respectively. Eqs. (2) and (3) hold true if there
is no matter inside the coils or the condensors, i.e. if neither the magnetic
nor the dielectric permeability differs from one. If however, particularly in
circuit III, the magnetic permeability ‚u really differs from one — which is
the case we have to discuss in the subsequent sections —, we can take into
account this according to Feldtkeller (1949) and Kneller (1962), by adding
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two sample-induced terms AL3 and AR3 to L3 and R3 of circuit 111,
respectively. Interpreted as functions of the real and imaginary part of the
complex permeability

fl = Mr+i 'Ni: (6)

according to Feldtkeller and Kneller, these terms can be written as

ALs = „r ~ („2 - F/I) <7)
and

AR3 = ‚ui - (a) - n2 - F/l), (8)

where n means the number of windings of the measuring coil, F its cross
section and l its length, respectively. In the case of ‚ü :|: 1, Eq. (3) therefore
has to be extended to the following expression

Ü23=Î ~(R3+AR3+j-w-(L3+AL3)+1/j-w-C3) (3a)

which — as well as the complemetnary Eq. (2) — will split into two equa-
tions if the respective terms Uik, Ik are substituted according to Eqs. (4)
and (5), respectively. We then get the following system of basic equations:

R3+ AR3 = w ‘ L23 ' (12/13) ' COS (p (9)

a) - (L3-—1/co2 -C3)+ w ' AL3 = a) - L23 . (12/13) -sin (p (10)

R2 = (0 ° L12 '(11/12) ° COS ’t/J-l- w ' L32 ‘ (13/12) ° COS (p (11)

a) ' L2—l/w ° C2 = a) ' L12 '(11/12) ' sin îp+ a) ' L32 ' (13/12) ° sin 99, (12)

where, according to Fig. 4a, the phase angles (p and y) are given by

(p = (a2 — 0:3) —— n/Z (l3)
and

1/) = (051 -— 0:2) —— n/Z. (14)

The aim of the following considerations are relations of type

AR3/R3 = f1(A13/13) (15)
and y

w ' AL3/R3 = f2(A13/I3)‚ (l6)
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with the symbol A meaning ‘small deviation from . . .’, and with the func-
tions f1 and f2 being as simple as possible.

Trying thus to simplify Eqs. (9)—(12), we take advantage of all useful
properties of the apparatus, namly:

a) the possibility of keeping alternatively constant either I 1 or 12 or I3;
b) the possibility of tuning all oscillating circuits independently of each

other either to resonance or to special points of their resonance curves.
For instance if we tune circuits I and II to resonance and keep the

amplitude 12 of circuit II additionally constant, circuit II will work as a
new and very constant high-frequency generator with respect to circuit
III, i. e. we can completely forget the existence of circuit I and thus, in this
case, we only have to deal with Eqs. (9) and (10) where however 12 now is
constant too.

Another possibility would be to regulate the amplitude I3 of circuit III
automatically constant and to measure simultaneously in circuit II which,
as well as circuit I, should have been tuned to resonance before. Again,
as in the case above, the evaluation of inductance and resistance has to
start from Eqs. (9) and (10) only.

Finally we may keep constant the amplitude I 1 of circuit I which to-
gether with circuit II has been tuned to resonance before. In this case
however it is necessary to measure 12 and I3 in circuits II and III .rz'uzul-
taueouxly, and to use the total set Eqs. (9)—(12) in order to find out the
sample-induced normalized changes AR3/R3 and a) - AL3/R3, respectively.

II. Quantitative Description of Three Measuring Procedures

7. Measurement of [2 timing Automatic Regulation of I3

From a formal standpoint this technique seems to be the most elegant
one. It starts from Eqs. (9) and (10) which can be simplified once more by
introduction of an additional arbitrary condition, demanding that

(00°L3—1/w'C3)2 = Rä (17)
— which can be fulfilled by two suitably chosen values C31, C32 —— and
meaning physically that circuit III without sample has to be tuned either to
the high-capacity flank or to the low——capacity flank of its resonance curve
the maximum of which has the

coordinates
13mn and C30 = 1 /co2 L3.

To find the low-capacity value (:3-— C31 and the high-capacity solution
C3: C32 experimentally, one only has to tune circuit III to resonance and
then either to lower or to increase C3 until I3 has decreased from 13mn to
I3max/(2)1/2'
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Fig. 5. Schema tic representation of two pairs of resonance curves of circuit III
shifted from the non-drawn original resonance curve (at 13 = 13m“ and L3:
= L30 = l/uza2 -C39) to positions of higher (n—l—AL) and lower (Law-AL)
inductance, according to the instructions given by eq. (17) which defines the two
corresponding capacity values C43, and C“, respectively. If, in the case without
sample, C3 for instance is tuned to C}; «c: C30, the current 13, being proportional
to (Rä + (re - L30—1/w2'C%)2)—1/2‚ will decrease to IgmaX/lfä, and thus the
system will be adjusted to its working point at the lower flank of the right—
handed (undamped) resonance curve. Let now a sample be put into the measuring
coil. Then an increase in inductance (AL) and an additional damping (AR) will
occur, and the point of state of the oscillating system therefore has to move twice:
once from (L30; IgmaX/VÎ—Z) to (L30 +AL; IgmaX/FË "l— AI%(AL;O)), and from
there secondly to (L30+ AL; Igmax/VË + AI%(AL; O)_~AII§(O; ARD : (Lgu—E—

+ AL; I3maX/VË + AIË(AL; AR))

Trying to understand the application to our measuring problem, we
should have a look at Fig. 5 where the resonance curve of circuit III is
represented as a function of the inductance L3. If we tune C3 to C3fl, the
resonance maximum will occur at 13 = Igmax and L3 = L30 (Lu in thc
figure) which is the inductance of circuit III without sample. If, on the
other hand, C3 is tuned to Câ or to C3, the maximum of the Ign-curve
is shifted to higher or to lower L3~Values, respectively, as is shown in Fig.
5 which illustrated that in these cases the ‘working point’ of circuit III lies
on the lower or on the upper flank of the I3—L3—curve, respectively.

Our measuring procedure therefore has to run as follows: once we have
to tune circuit III to C3 = C3 and circuit II to resonance and — keeping
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Igmx/(Z)1/2 automatically constant — to measure I2 as a function of the
sample-induced losses and susceptibility changes, and then we have to
repeat this same measurement on the opposite flank of the resonance curve,
i. e. in the case of C3 = C3 and 130—_ Igmax/(2)1/ 2 -—_.const Using Eqs. (9),
(10) and (17), we can completely describe that procedure by a set of four
equations:

R30 + a) - AL3 .—_ a) - L23 - ((120 + Alla/130) . sin (ph (18a)
1130+ AR3 —_— a) . L23 - «120+ Alb/130) ~cos on, (18b)

where 130 = Igmax/(2)1/ 2 and C3 = Cg, and additionally by

—R30+ a) - AL3 = a) . L23 - «120+ [rib/13o) - sin 991 (19a)

R30 + AR3 = w ' L23 ‘ ((120 + AI5/130) ' COS (P1, (1913)
if (33 = Çà.

It is only elementary mathematics now to show that elimination of
sin (ph and cos (ph, and of sin (pl and cos (pl, respectively, followed by neglect
of second order terms, finally yields the result:

w- AL3/R3o—— AIh2/120 -—— AI2/120 (20)

AR3/R30 = AIE/120+ AIg/Igo. (21)

2. [Measurement of I3 during Automatic Regulation of [2mm = oomt.

In this case we first tune circuits I and II to resonance and then circuit
III additionally once to a Cg w,hich defining a suitable working point on
the

high-capacity resonance flank, is given by 13022-13max (2/3)1/2, and
then to a C3 which also has to yield 130——— I3max (2/3)1/2, and which thus
defines the corresponding working point on the low capacity flank of the
resonance curve. On both flanks A13 has to be measured as a function of
the sample-induced high-frequency losses and susceptibility changes,
while I2max at the same time should be kept constant automatically.

Proceeding in this way the evaluation can be carried out as follows:
elimination of sin (p and of cos (p from Eqs. (9) and (10) leads to

(R30+ AR3)2+ (w ' (L30+ AL3)—1/w ~ C3)2 = 602 - L23 - (12/13)2, (22)

i.e. to a function of type

13 = 13(R30+ AR3, L30 + AL3). (22a)
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The intention of the next steps is to determine the points of inflection
of that resonance function (22a) in order to expand it there into series of
AR3 and AL3, hoping to get sufficiently good linear approximations of the
by Eqs. (15) and (16), respectively. At first it can be type characterized
concluded from the conditions

813/6L3 = 0 (23)
and

a213/aLä = 0 (24)
that the points of inflection of the resonance curve are again determined by. h . 1a certain C3 and by a corresponding C3. The latter can be calculated from

—R30 = (2)1/2 - (a) . L30 —. 1/0) Q), (25)
while the former follows from

R30 = (2)1/2 - (a) - L30 ——1/w-C§). (26)

In other words: Cg and Cä are just those capacity values which lead to
Ig-values of magnitude (2/3))1/2 -I3max.

Now we have to expand the functions

Iii = a) ' L23 ‘120/((R30 + AR3)2 + (w ' (L30 + AL3) — 1/60 'C3)2)1/2 (27)
and

1è = a) - L23 ago/«1130+ AR3)2+ (1 /co -c§ _— a) - (L30+ AL3)2)1/2 (28)

into series for AR3/R30, AL3/L30, and obtain to first order

*(ARa/R3o) = «Altai/130) + (Ali/130)) ° 3/4 (29)
and

(w - AL3/R30) —_- ((A1;/130)_(A1§/130)) . (2)1/2 - 3/4. (30)

3. Simultaneous Recording of 12mm, and [3 during Automatic Regulation of 11mm
= oomt.

Here circuit I plays the role of an extremely constant high-frequency
generator, only while Igmax of circuit II as well as I3, taken on one of the
resonance flanks of circuit III, both will change markedly if a sample is put
into the measuring coil, or if the sample’s susceptibility or its losses start to
change as a function of varying external parameters as temperature, mag—
netic field or applied pressure. Simultaneous measurement of Igmax and 13
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should therefore yield two independent informations during one run, and
consequently expressions of type (15) and (16) should be evaluable at least
approximatively.

In fact can they be deduced from Eqs. (9) to (12), using the following
technique:

1. elimination of sinzp and cosy from Eqs. (11) and (12) yields an
expression which, together with Eq. (9), then enables the elimination of
cosgo too;

2. substitution of 12 and 13 by (I30 + A12) and (I30 + AI3), respectively,
and expansion into a power series with respect to A12 and A13 finally yields
the first result

AR3 = R2 ° (120/130) ' (Ma/130) - (R2 ' (120/130)2 -- (31)
- ((60 ' L12)""/R2) ' (110/130)2) ' (Ms/130);

3. rather analogously an equivalent expression can be found for w - AL 3
by elimination of sincp and cos<p from Eqs. (9) and (10), neglect of second
order terms, expansion into power series with respect to A12 nad A13, and
by substitution of AR3 by Eq. (31):

a) - AL3 = (AIg/I30) - (120/130) - ((a) ° L23)2 — 2.R2 - R30)/ (32)

/w ' (L3 -1/w2 'C3)—(A13/130) '((w ‘ 1423)2 '(120/130)2+
+ 2 ‘ R30 ' (R2 ' (120/I30)2 - (110/130)2 ' (w ' L12)2/R2))/
/a) - (L3 —1/co2 °C3).

Among all the quantities occurring in Eqs. (31) and (32), the following
ones are immediately measurable: 110, I30, 130, A12, A13, (0, C3. The total
inductance L3 of circuit III (in the case of empty measuring coil) is given
by the resonance condition L3 = 1/co2 -C30. The total dc-resistance R30
of circuit III can also be evaluated by the subsequently discussed calibration
procedure. All other quantities on the right hand sides are sample-inde-
pendent constants of the apparatus and could principally be measured by
use of special calibration techniques. Although probably not very exact,
it might be possible therefore to determine AR3 and w - AL3 even ab-
solutely. We confine ourselves however to relative measurements, making
use only of the linear relationships:

AR3 —_— A1 - (A12/130)— 131 - (AI3/I3o) (33)
w ' AL3 = A2 ' (AIg/Igo) —— B2 ° (AI3/130), (34)

and calibrating the factors A1, A2, B1, B3, by measurements on well known
standard samples.
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III. Calibration Procedure

What we are really measuring with the modified Fraunberger High-
Frequency Apparatus are dc-output voltages U2,m, U3‚m, given by the
differential amplifiers of the respective measuring devices. These dc-voltages
however are functions of the corresponding ac-voltages U2, ind, and U3, 11m.,
originating in the coupling coils of the measuring devices (see Fig. 2) and
depending therefore inductively on the high-frequency currents 12 and 13
of the oscillating circuits II and III, respectively. What we need are rela—
tions of type

I2 = a2+b2'U2,m (35)

I3 = 33+b3 ° U3,m (36)

in order to be introduced into the theoretical results of the above section,
i. e. into the pairs of Eqs. (20)—(21), (29)—-(30), and (33)—(34), respectively.

To succeed we suppose U2, ind, and U3, 1nd, to be always higher than
the critical voltages U20 and U30 above which the diode characteristics of
the measuring devices are linear. The diode currents 12d and I3d are then
linear functions of U2, ind, and U3, mm, i. e.:

12d = d2 ' (U2, ind. - Uzc) (37)

13d = a3 ° (U3, ind. - U3c). (38)

As U2‚m and U3,m additionally are proportional to 12d and 13d, respec-
tively, we find also

U2,m = 7/2 ' (U2, ind. - Uzc) (39)

U3,m = 7/3 ' (U3, ind. -- Use), (40)
where

7/2 = 062 '132, 73 = 053 ' ‚53 (41)
and

U2,m = ‚32'12d‚ U3,m = 133 'I3d- (42)

Finally it follows from the coupling conditions

U2, ind. = w ° L2c ' I2 (43)

U3, ind. = w ° L3c ' I3 (44)
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that
12 = (U2‚m+ 72 ' U20)/y2 ' w ' L20 (45)

I3 = (U3,m+ 7’3 ° U3c)/)’3 ' (U . L303 (46)

and

A12 = AU2,m/)’2 ‘ 00 ' L20 (47)

A13 = AU3‚m/)’3 ' w ' L3c- (48)

According to Eqs. (20), (21), (29), and (30), it is sufficient to know the
ratios A12/Iz and AI3/13 in order to deduce from them the wanted normaliz—
ed quantities AR3/R30 and a) ~ AL3/R30. Because of Eqs. (45)—(48) it is
clear therefore that the aim of the following considerations should be to
determine R30 and the products 7/2 - U20, and 7/3 - U3c by means of suitable
calibration procedures. Let us therefore start from the proportionality

U3,md. = a3 - w . L23 '12/(R320+(w - L3 -—1/œ -<:3)2)1/2, (49)
where a3 means a certain proportional factor. Then we have

U2‚m = yg - (L2c . w . Ig -— U20) (50)
and

U3,m = y3 - (a3 - w . L23 '12/(R320—1—(w . L3 _ l/a) -c3)2)1/2 — U30). (51)
Elimination of 12 yields

(U2‚m+ V2 ' Uzc)2 __ (w ' L3 ——1/w‘C3)2 _
YË'Rso 'A R320

_ 1, (52)
with

A = (U3,m+ 73 ‘ U3c)2‘(w “Lac/713'213 '60'L23)2- (53)

If A is kept constant, Eq. (52) obviously is a hyperbolic relation between
U2‚m and 1 / a) ~C3. Thus we deduce the following method of calibration:

1. Adjust circuits I, II and III as described in S 3, section II, point 1,
and regulate I3 then automatically constant.

2. Measure U2‚m as a function of C3 and draw the respective branch of
the hyperbola.

3. Choose three arbitrary points of the hyperbola and substitute their
coordinates as well as those of the angular point into Eq. (52), thus getting
four equations for the four unknown quantities yg - Ugc, co . L3, R30 and
3/3 - R30 . A, which then can be evaluated.
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4. Repeat the procedure described in points 1) to 3), but adjust circuit
III to another value U3‚m as at the first time; so you will get a second set
of values 722 ° Uzc, a) - L3, R392) and yä ° R30 - A, which on the one hand will
illustrate the accuracy of absolute measurement, while it on the other
hand will enable you to determine 723 - U3c too, which, according to Eq.
(53), depends linearly on U3‚m and on (72g - R30 - A)1/2:

(yä . R30 -A)1/2 = const. '(U3,m+ 323 - Usd),

with

const. = a) ° c/y3 ‘ a3 ' w ' L23.

§ 4. Examplificaz‘ioa of .S'emiiiviiy and Applicability

One of the crucial tests of the modified Fraunberger apparatus doubt—
lessly can be carried out measuring the susceptibility of paramagnetic salts.
Let us therefore start with:

7. Calibration Meau/rament: Using Paramagaeiic MaSO4 -H20

The calibration procedure described under S 3, point III, yielded the
following constants of our apparatus:

m = 173.5 mV i7% (54a)

fi, . U3d :168 mV i70/0 (54b)
R30 = 9.55 „Q :i:6% (54c)

w - L3 = 561.5 „Q i1.5%. (54d)
Using these values and measuring 10.4985 grams of paramagnetic

MnSO4-HzO-powder at room temperature due to method 2. (see S 3,
point II), we got changes of inductance and of resistance amounting to

w - AL = 50.2 - 10—3 ‚Q

AR = 7.74 '10—3 .Q.

Substituting into Eqs. (7) and (8) and taking into account the geo-
metric data of the measuring coil, i. e. a = 3.5, F = 3.52 -n cm2, l == 4.5
cm, we found a susceptibility of

x = 5.8 . 10"5 [(GauB/Oe)/gram]
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and an imaginary part lui of the complex permeability of

‚ui = 1.2 . 10-4 (e. m. u./gram).

According to Landolt-Bornstein’s handbook (1966), the best x-value
of MnSO4 - HgO-powder at room temperature is 8.4 ° 10-5 [(Gauß/Oe)/
gram].

Thus we state a deviation of 30% down to lower susceptibility. The
agreement within 30% appears to be satisfactory in view of the special
geometry of the measuring coil and of the cylindrical powder-tube: while
the diameter of the latter amounts to one inch (thus determining a sample
height of about 3 cm in the case of 10.5 g MnSO4 - H20), the dimensions
of the coil are 7 cm in diameter, 4.5 cm in length and 3.5 windings of a
copper tube of 6 mm outside diameter and 4 mm inside diameter which is
flown through by water of constant temperature. It is clear that under such
conditions a coupling factor has to be taken into account which we there-
fore, renouncing on its theoretical estimation, postulate to compensate
just the above mentioned difference of 30% between our x-value and the
exact result.

To give an impression of the sensitivity of our apparatus, let us supple—
ment the signal/noise ratio (s/n) of the above calibration measurement. We
were working at (s/n) æ 36 which is equivalent to a sensitivity S of

smax ..—_ 2.3 . 10—6 [(Gauß/Oe)/gram].

As that noise however was of purely mechanical type, arising from a
not very well working mounting system (which on the other hand was
good enough for our purposes), it could be reduced by at least a factor ten.
If additionally the total volume of the measuring coil would be used for
measurement at sufficiently large samples, and if the coil would no longer
be flown through by water (which causes an increase in damping by a
factor 4 and is not necessary for room temperature measurements), a
maximum sensitivity of

SmaX = 1 - 10"8 [(Gauß/Oe)/gram]

should really be possible. The corresponding sensitivity in measuring the
high-frequency losses, particularly the Rayleigh constant oc, then turns out
to come to about

(8001,13,; = 7 - 10"8 [(GauB/Oe2)/gram].
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Fig. 6. Diamagnetic quartz vessel of low heat conductivity. The inner quartz tube
(one inch in diameter) can be evacuated. The outside diameter amounts to 60 cm.
After having been heated up to, say, 200 °C‚ the cooling process of the quartz
vessel starts at a cooling rate of about 0.5 DC/min which however decreases with

decreasing temperature

2. Tamperm‘m‘e-Depsfldaare of Susceptibility and Lasse: af a Standard Barri:
Sampis af tbs ‘Raa/‚Jer Karim” (Bavaria)

This example gives us the opportunity to point out briefly how we
solved the problems arising from the above estimated extremely high
sensitivities if measurements are carried out at varying temperatures. The
difficulty was to find materials having strictly temperaturenindependent
susceptibilities and losses, and to avoid even the slightest changes in the
tic-resistance of the measuring coil. It was therefore impossible to put the
coil simply inside a usual furnace or a dewar vessel (in the case of low
temperatures), and it was also completely impracticable to use an electrically
heated furnace inside the measuring coil. Hence, there remained the only
chance to build a totally diamagnetic quarz-vessel of relatively high heat
capacity and low heat conductivity a sketch of which is shown in Fig. 6.
For high-temperature measurements we heat that vessel — which contains the
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Fig. 7. Temperature dependence of susceptibility (—D—D—) and losses (—O—O—)
of a standard basalt core (inch dimensions) of the ‘Rauher Kulm’ (Bavaria).
Measurement was carried out during cooling down from 350 ”C. The sample-
containing inner quartz tube (see Fig. 6) was evacuated. The decrease of both
susceptibility and losses is blurred over a temperature interval of about 80 ”C.
According to lileil (1973), there holds a quadratic relationship between the Curie
temperature To and the titanium concentration x of the titanomagnetite series of
type F53„xTixO‚;. He found best fit with his own measurements as well as with
those of Akimodo, Katsuma and Yoshida (1957), Uyeda (1958) and Ozima and
Larson (1970), when supposing: Tc = 583.2—567.4 11—1855 - x9 [DC]. Thus the
titanium concentration of the investigated R. K.-sample is spread over an interval
ranging from about x = 0.55 up to ‘xmax = 0.66

sample in its inner evacuated tube — in a furnace located outside of the
measuring coil, put it then into that coil which is water—cooled in the way
described above, and measure during cooling down of the sample. Low-
temperature measurements can be performed by pouring liquid nitrogen
into the inner quartz tube and measuring then during warming up to room
temperature.

To attend now to the announced result got by the just mentioned tech—
nique, let us have a look at Fig. 7 which shows the temperature dependence
of both the susceptibility x and the Rayleigh constant a: of a standard
basalt core (usual inch-dimensions, i. e. one inch in diameter and one inch in
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Fig. 8. Curie point of a yttrium iron garnet (YIG) single crystal. Susceptibility
(—Du—[j—) and losses (—O—O—) have been measured during cooling down from
about 1.5 - Tc to room temperature. For more details see S 4., point 3. of the text

height) of the ‘Rauher Kulm’ (Bavaria). During heating and measuring the
sample-containing inner quartz-tube was evacuated thus preventing even
slight oxidation the non—occurrence of which could be proved by repeating
the whole measurement which then gave exactly the previously measured
curves. If there were only one definite Curie point, the high—temperature
flanks of. both curves should fall oil much more rapidly, i.e. within less
than 5 degrees centigrade (see the following example). It turns out therefore
that the Curie temperatures are spread over an interval of about 80 degrees
centigrade which indicates titanium concentrations of the titanomagnetite
ore grains varying from about 55 mole percent Ulvospinel up to at least 66
mole percent.

5. Further Exampfex 0f Curie Point;

Fig. 8 shows the neighbourhood of the Curie point of a yttrium iron
garnet-single crystal. There is a very sudden jump of the susceptibility and
a correspondingly sharp maximum (infinity point) of the high—frequency
losses. The small secondary peak of the susceptibility curve is due to the
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Fig. 9. Curie point of a synthetic MgAlFeOa-spinel. The temperature dependence
of the high-frequency susceptibility (“Ü—CF) and of the losses (—O—Q—) has

been measured during warming up to room temperature

superimposed earth-magnetic dc~field which, according to Markert (1971),
causes parallel pumping resonances of the fluctuating spin systems govern—
ing the magnetic properties near the Curie point (A more detailed study
of these effects will be published in phys. stat. sol. in the near future). To
demonstrate also a low-temperature Curie point, Fig. 9 shows the sus-
ceptibility and the losses of a synthetic MgAlFeO4-spinel.

4. Lair- Temperature Plants Transition of Zl/Iagfzez‘ite

There is a low-temperature phase transition point of pure magnetite
where the crystal lattice changes from face-centred cubic to rhombohedral
symmetry or Vice. versa, depending on whether the sample becomes cooled
down or warmed up during measurement. Because of the occurrence of
temperature hysteresis the transition temperature can vary in between at
least -—150 “C and “140 ÜC. An usual method of detecting such transition
points is X—ray analysis but it was expected that measurements of suscepti-
bility and high-frequency losses also might indicate it. And in fact a rather
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Fig. 10. Low-temperature phase transition point of pure synthetic magnetite.
Within a temperature interval ranging from, say, —155 °C up to —-13Û ÜC, both
curves run quite speeularly to the corresponding ones shown in Fig. 8. Again the
susceptibility curve is marked by ‘—|:|—|:]—’, while the losses are characterized

by ‘~o—o—’

strong effect could be observed as is shown in Fig. 10. Comparison with
Fig. 8 verifies that in the neighbourhood of both of these phase transitions
the susceptibilities as well as the high-frequency losses underlie exactly the
same law, thus indicating phase transitions of the same type, i.e. of second
order — which order, at least in the well analysed case of YIG, doubtlessly
governs the magnetization break—down at the Curie point.

As it promised to be of. certain geophysical interest, we repeated the
above measurement using now a natural magnetite single crystal (from
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Fig. 11. Lowrtemperature phase transition point of a natural magnetite single
crystal (from zoptan/Sobolin, Czechoslovakia). The very sharp maximum of the
high—frequency losses shown in Fig. 10., does not occur at all - probablv because

of the relatively high impurity content of such natural samples

Zijptan/Sobolin). The result is illustrated in Fig. 11. It is obvious from these
curves that the magnetite-low temperature phase transition depends very
sensitively on the — relatively high — impurity content always occurring
in such natural crystals (A more detailed analysis of the influence of the
titanium concentration on such phase transition points will be given
elsewhere).

5. Influence ty’ de—Mczgflez‘ie Fields we Susceptibility and Lessee 0f a Headers!
Base}: Sample

Using large Helmholtz~coils in order to superimpose dc-magnetic fields
up to 400 Oe in parallel to the acmfield, we studied also how the suscepti-
bilit}r and the high—frequency losses of a basalt standard sample of the
‘Rauher Kulm’ (Bavaria) vary with the dc-field intensity. Fig. 12 shows
the result measured along the positive part of a minor hysteresis loop, i.e.
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Fig. 12. Influence of dc-magnetic fields on susceptibility (—[:|—|:]—) and losses
(—O—O—) of a standard basalt sample of the ‘Rauher Kulm’ (Bavaria). Measure-
ment was carried out along the positive part of a minor hysteresis loop, i.e. had
started from the point of minor negative remanence towards the minor reversal
point (at 400 Oe), and had ended up at the minor positive remanence point. A
first interpretation has been sketched roughly in S 4, point 5 DE the text

from negative remanence to the minor reversal point (at 400 Oe) and back
to the positive remanence point. As may be seen from the figure, partic—
ularl}I the curve of the losses -— but also the susceptibility curve — does not
come back to its origin atÎ—Î z O as they should do however if the sample were
in its so—called ‘eyclic state’, i. e. if each minor loop as a whole would be
reproducable. What we suppose — and shall discuss elsewhere — is a state
DE mechanical non-equilibrium caused by means of irreversible deformation
due to magnetostriction of the titanomagnetite ore grains relative to their
rather inelastic silicate matrix.

6. Aairstrepy of Sarrapribi/n‘y and Lane: qf a Basal! Sample from Mt. Effie

Intending to measure rather small anisotropies, we first proved that
the apparatus really was well-working with regard to this kind DE applica-
tion. Therefore a polycrystalline rod of magnetite from Kirunavaara
(North DE Sweden) was rotated around its short axis — oriented perpendic-
ularly to the axis DE the oscillating coil —, while the measuring signals
(induced on one flank of the resonance curve and after readjusting also on
the other) were recorded versus time. The result, the shape anisotropy DE
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Fig. 13. Shape anisotropy of a polycrystalline rod of magnetite (from Kirun-
avaara, North of Sweden) the short axis of rotation of which was oriented per-
pendicularly to the axis of the oscillating coil. The demagnetizing factor amounted
to 0.26 [Oe/GauB]. The susceptibility (—[:]—|:]—) and the losses (—O—O—) are
plotted as percentage deviation from the respective maximum values ICI and au
(with an meaning Rayleigh’s constant). Obviously the losses show stronger

anisotropy than the susceptibility

susceptibility and losses, is shown in Fig. 13; according to a demagnetizing
factor of 0.26 (Ca/(33,118), a strong effect had to be expected and took place
indeed.

These magnitudes decreased significantly when we attended to aniso~
tropy measurements to be carried out on a basalt core of usual inch-
dimensions, originating from a lava flow of Mt. Etna (gathered near
Fornazzo). The curves which we now got are illustrated in Fig. 14. The
maximum susceptibility change amounts to 80- 10—6 (GauB/Oe), the loss
amplitude comes to 60 '10—5 (Gauß/Oe2). This example characterizes the
sensitivity of those anisotropy measurements we can perform at the moment
using samples of standard inch dimensions and our standard measuring
coil described above: the minimum susceptibility amplitude therefore
comes to about 10 -10'5 (Gauß/Oe), while the loss amplitude should not
fall below 8 - 10-5 (GauB/Oez). If we however would work with a specially
proportioned and very well mounted coil, at least another factor ten could
be won __ a factor 4 for instance simply can be obtained by omitting water
cooling of the oscillating coil.
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Fig. 14. Anisotropy of susceptibility (—[:|—|:]—) and losses (—Q—Q—) of a basalt
Sample (standard inch dimensions) from Mt. Etna. The error intervals are depend-
ing on the rotation angle 1p because of the fact that we plotted only the changes fix
and Act versus 1,0— and not, for instance, the normalized quantities ùz/x and

Act/st the error of which would not decrease to zero at w = 0

On the other hand our present device enables us to do anisotropy
measurements also at temperatures varying from nitrogen boiling point up
to about 400 °C and this might open another field of interesting applications.
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Abstract. On four samples of titanomagnetites, representing four different
stages of oxidation of titanomagnetites in basalts of the Bohemian Massif, the
kinetics of the process of oxidation have been studied in detail. The effect of the
heating and cooling rates in determining the thermomagnetic curves was determin-
ed, using the heating rates of 1, 4, 10 and 40 °C/min. The effect of heating is ana-
lysed on the oxidation of the primary titanomagnetite if the temperature is grad-
ually increased. In a similar way the kinetics of the increment of the saturation
magnetization have been studied as a function of the time of retention at the
temperatures of T = 350, 400, 450 and 500 C’C. In one particular case of retention
for 3000 min at T = 400 °C the state of total oxidation of the original phase was
achieved in primarily partially oxidized titanomagnetites. Estimates of the acti-
vation energy of the individual sample give values between 0.4 and 0.2 eVmol—l.

Key words: Magnetic Properties —— Titanomagnetites — Thermal Treatment.

1. Introduction

During a detailed study of the magnetic properties of basalts from the
area of the Bohemain Massif (Kropacek and Pokorna, 1974) it was found
that the thermomagnetic curves of most samples displayed strong irre-
versible changes of the saturation magnetization as and of the Curie
temperature Q when heated. Analogous patterns were observed recently
by a number of authors (Wasilewski, 1969; Creer et 41., 1970; Sanver and
O’Reilly, 1970; Ozima and Ozima, 1972), who explained them by the
oxidation taking place in the titanomagnetites. In the samples studied the
irreversible changes diflered in intensity with the degree of the primary
oxidation of the titanomagnetite. For this reason the effect bearing on the
oxidation (the heating rate, maximum heating temperature, the time the
sample is kept at an increased temperature) are analysed in this paper with
4 samples, representing the different stages of the initial oxidation.

2. Experimental Mc’t/Jod:

The thermomagnetic measurements of the temperature dependence of
the saturation magnetization, 03/050 =f(T), were carried out with an MW—l
thermomagnetic balance (Suess, 1962). 030 is the value the saturation
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magnetization at T = 20 °C and O's is the value the saturation magnetization
at temperature T. The samples were heated under free access of air. The
magnetic field applied amounted to 10 kOe. The temperature of the sample,
located in a silver capsule, was measured by means of a silver-constantan
thermo-couple, the head of which is formed by the capsule itself. The
accuracy of the temperature measurements was about 2 °C. The instrument
was calibrated experimentaly from the known value of the saturation
magnetization of pure nickel (Kropaéek, 1967). The remanent magnetiza-
tion of saturation 01.80 and its temperature dependence were measured by a
LAM-2 astatic magnetometer (Pesina, 1967), supplemented with a small
non-magnetic oven. The sample temperature was determined on contact
with a PT—PtRh thermo-couple with an accuracy of 3 °C. The rock samples
for measuring as were of isometric shape, weighing 100—150 mg, and
cubes, 8 cm3 in volume, were used for measuring ars. The titanomagnetite
samples, used for measuring, were in powder form (size of grain 0.04—
0.02 mm) with a weight of 10 to 15 mg. The titanomagnetites were separated
from the rocks magnetically, the resultant purity of the fraction being
about 90 O/0. RTG—diagrams have been determined by means of the RTG-
goniometer HZG—3 using the radiation due to Cod (filter Fe). The lattice
constants were derived from tables (Dettmar and Kircher, 1956). The
titanomagnetite samples, used for measuring the RTG-diagrams, were in
powder form, weighing 30—40 mg.

3. Sample C/Jaran‘erz'sz‘z'cs

With a view to the type of thermomagnetic curve the investigated set
of 100 rocks (Kropacek and Pokorna, 1974) could be divided into four
groups, differing in degree of oxidation of the titanomagnetites they
contained. One characteristic sample was then selected from each group,
the properties of which were studied further. The thermomagnetic curves
of these four selected rock samples are shown in Fig. 1. For the sake of
comparison, curves of the temperature dependence of the saturation
magnetization in a 10 kOe field and curves of the temperature dependence
of the remanent magnetization of saturation, measured in the absence of the
field after the sample had been magnetized by a 10 kOe field, are also shown.
The differences between both types of curves with a given sample indicate
that the titanomagnetites, present in the rock, become oxidized during
heating.

The overall chemical composition of the separated titanomagnetites is
represented in the field of the ternary system FCO—TiOg—FCgOg in Fig. 2.
Titanomagnetite No. 202 is formed by a solid solution of 0.3 Fe304 - 0.7
F62T104 and represents an unoxidized titanomagnetite. Sample No. 201
is a weakly oxidized titanomagnetite which has been displaced from the
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Fig. 1. Temperature dependence of the saturation magnetization of the original
rocks: curve A — full line, during heating, dashed line, during cooling; curve B —
temperature dependence of the remanent magnetization of saturation. Heating

and cooling rate lOa/min

basic series of solid solutions magnetite — ulvospinel along the line of
oxidation into the field of the so-called “general titanomagnetite” (Akimoto
er 42., 195?). Intermediately oxidized titanomagnetites are represented b3:
sample No. 218 and strongly oxidized titanomagnetites by sample No. 206,
which lie completely in the field of the general titanomagnetite. The differ“
ences between the samples can also be clearly distinguished on the RTG-
diagrams (Fig. 3). Sample No. 202 has marked narrow diffraction lines,
typical of a homogeneous solid solution with a lattice parameter of a:
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Fig. 2. Chemical composition of the investigated titanomagnetites in the ternary

system of FeO—TiOg+Fe203

8.483 Â. The weakly oxidized titanomagnctite No. 201 displays observable
weak expansions of the diffraction lines due to the presence of subminiture”
“daughter phase” particles of a different lattice constant. For the initial
phase a z 8.465 À. A difi’raction line doublet, indicating the presence of two
different phases, can be seen in the intermediately oxidized titanomagnetite
sample No. 218 (r3128.453 À and a3=8.427 À). The strongly oxidized
titanomagnetite No. 206 also displays a doublet of diflraction lines, how-
ever, in addition to these there are also lines due to the presence of ilmenite.

4. T/Je Kinetics of Oxidation Processes

4.1 The Effect of the Heating Rate

Fig. 1 indicates that the measured temperature dependence of the
saturation magnetization in the rocks becomes distorted as a result of the
oxidation of the titanomagnetites. This effect is enhandced when the titano-
magnetites are measured on their own. However, this also means that the
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Fig. 3. Part of a simplified RTG—diagram for the titanomagnetite samples in?
vestigated. Radiation Cog, filter Fe

shapes of the titanomagnetite curves must also reflect the applied heating
rates. If the heating is slow, the oxidation effects will be strong and, if the
heating is fast, the oxidation effects will be weak. For this reason the tem—
perature dependence of the saturation magnetization, {J's/Ugo :f(T), was
measured at different rates of the heating (1, 4, 10 and 40 OC/min). The
results obtained are represented in Fig. 4. The curves clearly show that the
effect of heating rate is most markedly reflected in the heating rate curves
for sample Nos. 206 and 218, when the values of the saturation magnetiza-
tion increase in the temperature range of 350—450 D(Î, at low heating rates
in these samples. This increase is caused by a combination of two ell—ects,
acting oppositely. First of all, there is the decrease of the value of the satura—
:‘ion magnetization with temperature and, secondly, the increase of the value
-if the saturation magnetization of the daughter phase with a higher Curie
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Fig. 4. Temperature dependence of the saturation magnetization at difierent
heating rates. Curve 1. — 1 'C/min, curve 2 — 4 C/min, Curve 3 — 10 C/min,

curve 4 — 40 (ifmin. Full line —- during heatingr

temperature, generated by the oxidation of the primary phase. The shape
of the resultant curve of saturation magnetization is then determined by the
superposition of both efi'ects. At high heating rates of about 40 ÜC/min the
decrease of the value of (a. with the temperature constitutes the predominat-
ing efi—ect, and the oxidation is not manifested. The fact that the oxidation
nevertheless occurs, is proved by the curves, obtained during cooling,
which display a considerable increment of the daughter phase, At low rate
of heating, within the limits of 1—-4""(i/min., the efi'ect of the oxidation is
prevailing, what results into formation of new mineral phase. The newly
formed phase is characterized by increased value of saturation magnetiza—
tion 0'...

In samples Nos. 202 and 210 the effect of the oxidation during heating
is relatively weak; in sample No. 202, however, spontaneous magnetization
(caused by the daughter phase) reoccurs at temperatures of 350—620 “C
although the sample had already been in a paramagnetic state (the Curie
temperature of the primary phase (a m 150 UC). However, the values of the



|00347||

Kinetics of Oxidation Processes in Titanomagnetites 335

saturation magnetization after heating and cooling indicate that the pro—
portion of the daughter phase increases markedly in the sample with. the
decrease of the heating and cooling rate. By comparing the values of the
saturation magnetization after the imposed temperature cycle one finds that
the largest proportion of the daughter phase is formed with weakly oxidized
titanomagnetites. In strongly oxidized samples this proportion is sub—
stantially lower.

4.2 The Effect of Temperature on the Oxidation

In order to determine the temperature at which manifestations of
oxidation occur, i.e. at which the saturation magnetization changes, step—
test measurements were made. From the collection of samples one is heated
to temperature T and cooled, another sample of the same collection is
heated to increased temperature T: + 25 oC and cooled, etc. In order to
suppress the manifestations of oxidation at temperatures lower than the
maximum temperature of the step, the heating rate adopted was 40 OC/min.
The data obtained are shown in Fig. 5. This indicates that observable
changes occur at temperatures of 350 OC and more. It was also found that
the primary phase is partly preserved, even after heating to a temperature of
600 0C, only in sample N0. 202. The curves of sample N0. 202 after heating
to temperatures of 475—500 oC and the initial curve of sample N0. 210
(which are practically identical) indicate that the initial state of sample N0.
201 is the same as the state of sample N0. 202 after partial oxidation,
achieved by heating to temperatures of 475—500 C’C. In samples Nos. 218
and 206 the value decreases at first after heating to temperatures of upto
450 0C, and only after heating to temperatures of over 450 oC does the value
of 050 increase to a value in excess of the initial value.

4.3 The Effect of the Heating Period on the Oxidation

The results obtained clearly show that the oxidation of the titano-
magnetites will depend strongly on the time for which the sample is heated
to a certain constant temperature. Fig. 6 shows the change of the saturation
magnetization due to heating for a period of 1 hour to temperatures of
350, 400, 450, and 500 OC in the four samples investigated. The saturation
magnetizations during cooling, having retained the temperature T for a
certain interval, are also shown, as well as curves of further heating to
600°C. Clearly, for identical intervals of temperature retention the pro-
portion of the newly formed oxidation phase increases with the tempe—
rature being retained roughly exponentially. One can also see that the pro-
portion of the daughter phase decreases with the degree of oxidation of the
primary phase. By comparing the curves in Figs. 5 and 6 it is possible to
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Fig. 5. Step-test. Thermomagnetic curves for gradually increasing maximum
temperatures of heating in steps of 25 “’C. Full line —- during heating. Heating rate

40 'C/min, cooling rate 40 “C min

reduce the period of temperature retention at one temperature to the
retention period at another, or to the heating temperature. For example,
sample No. 202 will yield identical curves of the temperature dependence
of the saturation magnetization by heating to 450 “(I and retaining this
temperature for 50 mins, or by rapider heating at a rate of 40 UC/min to
525 ”C and immediate cooling. After evaluating this identity qualitatively
it was found that a certain degree of oxidation of the titanomagnetite is
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Fig. 6. Variation of the values of the saturation magnetization for a retention
period of I: 60 mins at temperatures of 350, 400, 450 and 500 (1. Full line —
during heating and for T = const., dashed line during cooling after retention 60

mins at T = const. has been terminated

achieved when the retention period increases roughly exponentially with
decreasing retention temperature, provided states close to total oxidation
are not considered.

Fig. 6 also shows that not even after heating to a temperature of 500 ”(I
für a period of 60 mins is the state of complete oxidation of the primary
titanomagnetite achieved due to steady increase of the value of em. Theree
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Fig. 7. Time dependence of the increment of the saturation magnetization when
the temperature is retained for the time f at T :400 "C

fore, as was measured at a temperature of 400 ÜC for considerably longer
retention periods. Thus the increment .IUH =05 (400 0C, f) — oh. (400 ”(2,
‚t = O) was investigated, where (a, (400 ”C, I .—_- O) is the value of the satura-
tion magnetixation when a temperature of T =400 ”C has been achieved,
and Us, (400 ÜC, f) is the value of the saturation magnetization at temperature
T2400 “C after the interval of f(min) has elapsed. The results of these
measurements for samples Nos. 201, 202 and 218 are given in Fig. 7. It was
found that the increase in magnetization was at first roughly exponential}
however, the rate of increase then diminished as a result of the decrease of
the amount of the hitherto unosidiaed phase, and reached a steady state
which represents the state of complete oxidation of the initial titano—
magnetite. This state is reached in sample No. 218 after if - 100 mins, in
sample No. 201 after t m 900 mins, and in sample N0. 202 this state had not
been reached even after fie:- 3000 mins. It is evident that the first derivative
of these curves yields the instantaneous rate of oxidation and formation
of the new phase, beeause the measurement is proportional to the magnetic
moment which is a linear function of the contents of the given phase.
Maximum instantaneous rate is achieved in sample N0. 218 at f 4-25 mins,
in sample N0. 201 at f ~230 mins, and in sample N0. 202 at f ~700 mins.

.5. Dimmimr

It follows from the results presented that the oxidation of natural
titanomagnetites depends on the temperature at which the process oeeurs,
on the time of oxidation at an increased temperature, and on the initial
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degree of oxidation of the titanomagnetite. Moreover, there exists a
qualitative identity diflerent times of retention at difierent elevated tem-
peratures. For example, in sample No. 202 an identical state is achieved
by heating to a temperature of 560 oC with immediate cooling, heating to
500 oC, at which temperature the sample is retained for 14 mins, and by
heating to 400 oC, this temperature being retained for 130 mins. This
dependence is approximately exponential. By extrapolating to 20 oC one
finds that the period required for complete oxidation of the titanomagnetite
is roughly 107 years. This is of considerable importance for palaeomagnetic
research into rocks containing titanomagnetites, because the rocks should
not contain primary magnetization, syngenetic with the rock, after this
period. '

The oxidation of the titanomagnetites in the investigated samples
apparently takes place, according to the pattern presented by O’Reilly and
Banerjee (1967), which may be described as the “second stage of oxidation”.
The increment of the saturation magnetization at T 2:400 oC as a function
of the time of heating is at first exponetial, which corresponds to the
results of measurements, carried out by Creer et a]. (1970); after that, as a
result of the decrease in the volume of the primary phase, hitherto un-
oxidized, deceleration occurs, the process of oxidation of the titano-
magnetite only terminating after a certain period, and the process of
oxidation of the (daughter) magnetite on haematite begins. By computing
the value of the activation energy of the process, according to Creer et al.
(1970), from the equation

lnr = ——lnA + E/RT,

where T is the time constant, A is a constant, E is the activation energy,
R the gas constant, and T the absolute temperature, one obtains the follow—
ing values for the individual samples: No. 202 E ~0.4 eVmol*1, No. 201
E ~0.3eVmol’1, and No. 218 E ~0.2 eVmol—l. These values are lower
than the value in the paper of Creer et al. (1970). However, they do cor-
respond to the values of the activation energy, determined by Bleil (1971).
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Abn‘mct. A new technique, comparable with the reverberation method in
room acOustics, is described. It allows Q-measurements at rock samples of ar-
bitrary shape in the frequency range 50 to 600 kHz in vacuum (10—4 tort) and
at low temperatures (+20 °C to — 180 oC). The method was developed in par-
ticular to investigate rock samples under “lunar conditions”. Ultrasound ab-
sorption has been measured at volcanics, breccia, gabbros, feldspar and quartz
of different grain size and texture yielding the following results: Evacuation
raises Q mainly through lowering the humidity in the rock. In a “dry” compact
rock the effect of evacuation is small. With decreasing temperature generally
Q increases. Between +20 °C and —30 °C Q does not change much. With
further decrease of temperature in many cases distinct anomalies appear, where
Q becomes frequency dependent. Rock samples of equal or similar mineralogical
composition show a qualitatively similar Q(T) — curve. The absolute level of Q,
however, is essentially determined by the rock texture, i.e. grain size, porosity,
and grain boundary structure. Rapid cooling with liquid nitrogen causes ir-
reversible lowering of Q apparently by increase of the microcrack density in the
sample. This observation seems to be relevant to Q values obtained from lunar
surface rock samples.

Key words: Q—Ultra Sound Absorption — Internal Friction — Lunar Rock
Samples — Rock Physics.

7. Introduction

The unexpected long duration of lunar seismic signals can be explained
by scattering of elastic waves in a layer of extremely low absorption i.e.
of high Q. Natural rocks do not show sufficiently high Q-Values under
terrestrial conditions. Since the mineralogical composition of lunar material
does not differ considerably from terrestrial rocks, the reason for high
Q-values was suspected to be found in the extreme lunar environmantal
conditions i.e. absence of air and water in pores and fissures of the rocks
and a rather low temperature of — 20 c’C to — 40 oC close to the moon’s
surface. Fairly little was known about the influence of evacuation on the
ultra sound absorption in silicate rocks and nothing about the influence
of low temperatures. Although our measurements did not result in ex-
tremely high Q-values, they might contribute to a better understanding
of the very complex absorption processes of elastic waves in polycristalline
silicates.
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Techniques hitherto used for laboratory measurements of Q required
test samples of special shape and size, usually of bar shape. To avoid any
destructive treatment in particular in view of the very valuable lunar rock
samples, a new method was developed; its physical principles, its technical
realization, and some results being discussed in the following sections. The
theoretical foundation of the method will he treated in detail in a later
paper by ~]. Drisler and P. Antony—Spies. Results on shock induced ultra
sound absorption in lunar anorthosite will separately be published by the
present authors. An attempt to interpret the measurements in terms of
solid state physics in particular of dislocation theory will be undertaken
after some additional experiments have been carried out.

2. 77t Basic Prz'irrz'p/car (if #36 rlJeod

The quality factor Q is a measure of unelastieity and defined by Q:
2115/. Us", where L" is the energy density of an elastic wave and .lif the
energy loss per cycle r. In an oscillating systemQ is related to the coefficient
a of amplitude decay by Q=2rr/(l -. exp ( -2ar)). If Q 3:33:23, then
Qænf/zx where f the frequency of the oscillation. This relation is used
furtheron to determine Q from the experimental data.

The method described here for Q-measurements in rock samples at
ultrasonic frequencies has some similarity with the well known reverbera-
tion measurements in room acoustics. The rock sample having arbitrary
shape has to he acoustically insulated from its surroundings. Experimental
tests show that the assumption of an arbitrarily shaped body is sufficiently
fulfilled, if the ratio of longest to shortest dimension is not more than 5 to l.
A pieaoceramic transducer, fed by a pulse generator, causes the sample to
vibrate and serves as an acoustic receiver for the esponentially decaying

Pie-20 ./

Fig. 1. Multiple reflections in a body of arbitrary shape
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reverberations. Before displayed on the screen of the oscillograph the
signal passes a variable bandpass filter for frequency selection.

Speaking in terms of ray theory each surface reflection devides the
incident wave energy into a reflected P- and S—wave according to the angle
of incidence (Fig. 1). After some 10—4 seconds a stationary random distri—
bution with a definite energy partition between P— and S—wave is achieved.

Neglecting absorption for the moment, in case of energy equilibrium
in space and time, the production rate of converted waves must be equal, i. e.

dEp dEs
(7)1343 + (“Eds—.13 : 0

On the other hand these quantities are certainly proportional to the
respective energies Ep and BS in the sample. A threedimensional statistical
model, based on these principles, leads to the following energy distribution
within the sample

Ep Vs
Ë; = r7; ' f

where VP and VS are the wave velocities for P- and S-waves and ()3 is a
function of the ray geometry in the sample. For different statistical models qS
was found to be certainly larger than 0.5 but probably less than one. This
means that for Poissons ratio 0.25 the energy ratio becomes 0.3 <Ep/ES
<0.6. For the derivation of this relation and for model calculations
reference is made to the above mentioned paper by Drisler and Antony-
Spies.

While travelling through the sample the elastic waves lose energy by
various nonelastic processes. Q, as determined from the amplitude decay
factor or of the random oscillation, is in fact a mixture of the Q-factors of
P— and S-waves, according to Q—1:Qp‘1 Ep/E+QS‘1 ES/E, where
E: Ep+ ES is the total energy.

The specific features of this method are:
1. The sample has not to be altered in shape which is most important for

investigating lunar rock samples but also for applications in technical
material testing.

2. Q can be measured in a frequency range of about one decade. This
allows studies of frequency dependent absorption processes.

3. If measurements are made at lunar rock samples, the values of Q ob-
tained by this method are the most representative ones for an inter—
pretation of lunar seismograms, because these consist also more or less
of a statistical mixture of different wave types.

4. The separate determination of Qp and Q5 is not possible a priori but
requires the knowledge of the energy partition in P— and S-waves which
can usually only be estimated.



|00356||

344 Ch. Herminghaus and H. Berckhemer

GENERATOR ELECTRONICSWITCH
_I'L ‘ L,

”—4. g' LIQUID
*—

NITROGENMILLIVOLT
PRE—AMPLIFIER V METER

\NITROGEN
SHOWER

BANDPASS
FILTER A

OSCILLOSCOPE ®

l
PI E20
TRANSDUCERI

Fig. 2. Scheme of equipment for Q—measurements

3. Measurement Apparatus

In order to measure the influence of evacuation and low temperature
on the absorption of elastic waves, a vacuum equipment has been developed,
which allows Q-measurements at a pressure of less than 10—4 torr within
the temperature range of —|— 20° to — 180 oC. The recipient is evacuated by
a two stage rotation pump followed by a three stage oil diffusion pump.
Water- and liquid nitrogen cooled baffles prevent the diffusion of oil vapor
into the vacuum chamber. A cylindrical copper cryostat, which can be
cooled by liquid nitrogen to —— 196 °C is attached to the cover of the re-
cipient.

The rock sample is suspended inside this cryostat at a chain of high
acoustical impedance, consisting of nylon and brass links, to prevent
acoustic energy flow from the sample to the case. The sample can be
moved up and down in the chamber by a manipulator and brought in
contact with the cold metal of the cryostat. By this way after several hours
the temperature of the sample is reduced to — 100 0C. In order to reach
even lower temperatures and to study the effect of temperature shocks,
the sample can directly be sprayed with liquid nitrogen. Repeated liquid
nitrogen showers cool the rock to the minimum temperature of — 196 °C.
Vacuum is restored within a few minutes. After the cooling process the
sample slowly warms up and reaches its initial temperature of + 20 °C after
approximately 10 hours. During the whole time Q-measurements are taken.

To measure Q, a lead-zircon—titanate' piezo ceramic element of 3 mm
diameter and 1 mm thickness together with three electric leads is glued to
the sample by a two component cement E-Solder Silver Epoxy. Two thin
copper wires connect the piezo element with the electronic circuit. The
third wire consists of constantan and forms together with one of the copper
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Fig. 3. Ultra—sound reverberations of an obsidian sample

wires a thermocouple to measure the temperature of the sample (Fig. 2).
The piezo element serves as pulse transmitter and as signal receiver ac-
cording to the position of the electronic switch. A pulse of 90 volts and a
duration of 1 to 5 ‚msec is produced by the pulse generator and applied
to the piezo element, which causes the rock to vibrate. Some psec later
for recording the vibrations, the switch connects the piezo element via
preamplifier and variable band pass filter with the oscilloscope. This is
repeated 50 to 100 times per second to obtain a standing image. The
exponential amplitude decay of the curve is not influenced by changes
in strength or duration of the pulse. Signals of sufficient amplitude can
be obtained within the frequency range 50 to 600 kHz.

4. Determiflatz'm 0fQ

Photographs are taken from the oscilloscope screen with a polaroid
camera (Fig. 3). Plotted on logarithmic scale the amplitude values read
from the photographs show a linear decrease with time. The slope of the
regression line is proportional to the absorption coefficient as. An example is
shown in Fig. 4. The corresponding frequency is controlled by the filter
setting but should be determined from the oscillogram directly.
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Fig. 4. Amplitude—time plot in semi-logarithmic scale with regression line

Q can then be calculated from Q 2.7/71. For Qwalues ::.-- 200 it is sufiiiu
cient to use only intermittent amplitude readings. In Table 1 Q-values
obtained by a least squares [it are given for a specific set of data if a) all
amplitude values, h) every second value, c) every forth value d) every eighth
value is used. The result demonstrates the permission of this procedure
and gives also some estimate of the precision of the method. The standard
error of Q~values determined by this method is 2 to 8 “Ü for 100 <Q c: 500
and less than 5 ”n furQ “v 500. A more sophisticated data acquisition system
using a mean-square rectifier and logarithmic amplification is intended to
he developed.

Table 1. Standard error of Q for difi'erent selections of
amplitude values

Q standard error interval selecrion
(for explanation see text)

148,26 .1 3,71 a
148,53 g 3,05 b
147,30 _: 3,04 c
144,60 -_-- 3,58 d

To check whether systematic errors could he introduced by energy
loss from the sample to its surroundings, measurements were taken with
an additional piezo—transducer and three additional connecting leads, but
no detectable diflierence was found for 100 cigar; 1000 and samples of a
weight between 30 and 200 grams. This is taken as the proof for sufficient
acoustical insulation.
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5. Rem/fr

For a general orientation Fig. 5 shows Q(7) in the range ï 201... T
<1: - 180 CTÏ at 400 kHz for four rocks of difi'erent composition and texture.
The curves are typical for most of the rock samples investigated. Between
4;- 20"" and - 40 “(Ï Q does not change much. At lower temperatures there
is a general trend for an increase in Q, superimposed by more or less pro—
nounced peaks and troughs. The higher Q the more pronounced are the
variations of Q0") which are in amplitude and probably also in their
position in the curve frequency dependent. In order to bring some system—
atics into the very complex phenomena of ultrasound absorption in rocks,
specimens of dil'l'erent mineralogical composition and diH‘erent grain—
srructure were treated in several ways.
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Fig. 7. Q as a function of temperature for gabbroic rock samples
XIII = anorthosite,f = 450 kI-Iz
XIV = leukogabbro,f = 325 kHz
XV = norit,f = 400 kI-Iz

Influence of Mineral Composition and Texture on Q

The very important influence of grain size and texture is most clearly
demonstrated in Fig. 6, which shows Q(T) of three monomineral samples
consisting exclusively of SiOg. XVI belongs to a natural single quartz
crystal measured at 250 and 400 kHz, XVII to a quartzite rock with tightly
connected mineral grains of a typical dimension of 0.5 mm and XVIII
to a chalcedon of tufty grown crystals of large specific grain surface. The
highest Q—value obtained is 6200 for the single crystal at “170°C and
400 kHz and the lowest 140 for the very fine grain chalcedon at u 70 ”C
and the same frequency. There is a qualitative similarity of all four curves
showing a minimum, a steep ascent, a plateau, and again an ascent shifting
to higher temperatures with increasing textural complexity.

In Fig. 7 Q(Î) is shown for three gabbroic rock samples (anorthosite,
leukogabbro, norit) of similar grain size. Although somewhat different
in composition the major mineral constituent is plagioclase (71——95 (3.5).As
one might have already expected from the experience made before, because
of the similar textureQ in all three curves is of the same order of magnitude.
The qualitative similarity with a flat minimum near —— 30 C'C and a maximum
at — 80 üC apparently reflects the dominating influence of the plagioclase
component. Q of a lunar anorthosite described elsewhere (Herminghaus
and Berckhemer 1974) fits well into this group.

QC?) for several basalt samples with a considerable variation in density
is shown in Fig. 8. While a loosely packed and porous rock has a low Q
and a denser and more compact one of the same composition a higher Q,
the qualitative character of Q(T) for both is very similar. This systematic
relation between p and Q does not hold for rocks of different composition.
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Q as a Function of water Content and Air Pressure

As suspected the presence of water in pores and fissures of a rock samplc
has a strong influence on its ultrasound absorption. To show this, a sample
of pumice had completely been saturated with water.

After Q was measured at 20 DC and 760 torr, the wet sample was grads
ually essiccated by shortly reducing the air preSSure in the vacuum chamber.
Measurements takcn at 400 kI-Iz are shown in Fig. 9. With decreasing water
content Q increases almost exponentially. The Qavalue of the saturated
sample is only 1/5 the value of the dry rock. It should be noticed that already
small quantities of water lower Q considerably. Gordon and Davis (1968)
have found a similar behaviour for wet granite. They believe that his eHect
is due to stress—induced fluid flow through thin, interconnecting channels
in the rock and therefore increasing proportional to frequency.

Evacuation from atmospheric pressure to 10—1 torr caused in a very
porous pumice sample an increase in Q by a factor of two, but no further
increase when the pressure was lowered to 10*11 torr. Very similar results
were reported by joncs (1972) for Q—measurements with standing waves of
6 Hz at lunar rock powder samples.

In compact rocks, however, evacuation from atmospheric conditions
to 10—4 torr causcd an increase inQ of 10 to 30 0;, only. Filling the recipient
with dry, pure nitrogen gas did not affect Q of compact rocks. After the
rock was eaposed again to air, however, Q was brought back slowly to its
lower initial value. It seems, therefore, that Q is influenced more by very
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Fig. 9. Q as a function of water content in a pumice sample atf m 400 lei-la. 12
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small amounts of adsmbed atmospheric vapors, predominantly water, than
by dry gas. This is supported by another experiment in which a quartzite
specimen was heated to + 200 CC at atmospheric pressure and thereafter
slowly cooled down to room temperature in vacuum. Q at 10“ '1 torr had
increased by 25%. Then the recipient was filled with dry nitrogen gas of
760 torr which did not effect Q When the sample was exposed again to
atmospheric air, however, it reached, after several hours, its initial lower
Q-value. These observations are qualitatively comparable with those of
Tittmann and l—lousley (1973)

Shock Cooling

When the sample slowly cools down by heat radiation or conduction
to — 100 CC and thereafter warms up again to room temperature QÜ)
is reproducible. Curves IX a and IXb in Fig. ll, obtained from an obsidian
sample during slow cooling and warming are therefore practically identical.

W’hen, however, to lower the temperature in the sample to — 150 or
— 180 GC, the sample had been exposed to a more or less intensive shower
of liquid nitrogen as described in chapter 3, Q assumed considerably lower
values in the following warming up period. Curve IX c (Fig. 10) shows a
reduction of Q by 10 to 2 (fi, after the obsidian sample had been showered
with liquid nitrogen. Shock cooling tests were undertaken at dill‘erent
materials (Fig. 11). The higherQinitially and the more compact the specimen
the more pronounced is the irreversible reduction after shock cooling.
The largest drop of 60 51;} had been observed for a quartz crystal. Additional
nitrogen showers, however, did not change Q any more.



352 Ch. Herminghaus and H. Berckherner

Q
4200

IXe

IXc
f—-300 / 1"“

- j
/‚ /

à?- .J'

F.—

400:—

e200

"D
D" “50° -1ÜD° -150° -200°C

1lllillllllllll_l11||lll

Fig. 10. Obsidian—sample during slow cooling down (IXa) and warming up
(IXb) and after shock—cooling (IXc)

The irreversible drop of Q after shock cooling is apparently caused by
friction loss at microcrack surfaces in crystal grains and alongr grain bound-
aries created by thermally induced stress. Since Q seems to be a quite
sensitive measure for microcrack density which, in turn, is related to the
strength of matter, the method of Q determination described here might
be applicable to problems of technical material testing.

Microscopic studies have shown a high microcrack density in lunar
surface rock samples (Chung, 1972). These cracks may have been caused
either by the multitude of temperature cycles between lunar day (—1— 130 ÜC)
and night (— 160 C’C) or by shock waves of meteoritic impacts. The lunar
anorthosite 60015.33 studied by us showed, indeed, a surprisingly low and
flat Q(T)—curve which could not be lowered anymore by rapid cooling
with a spray of liquid nitrogen. This behaviour is very unusual for terrestrial
materials and can only be understood if the rock had already a high micro—
crack density and therefore an insensitivity to strong temperature variations.

6. Dimrmiafl

As indicated in the introduction no attempt will be made here for a
detailed interpretation of the results in terms of solid state physics but a few
remarks should be made to summarize the results of these studies. The
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Fig. 11. Relative drop of Q (in (1-2)) after temperature shock for rocks of different
initial Q—values

absorption of elastic waves is caused by several mechanisms which alone
or superimposed are responsible for a frequency dependent or independent
Q.

From the strong correlation between texture and Q we conclude that
grain boundary effects play a dominating roie in sound absorption. It seems
that the general background level of the absorption 1/Q which might be
attributed to sliding at microcrack surfaces and ultra low energy dis—
location processes in the grain boundary region is less frequency dependent
than the peaks in the Q(T) curve. The trend of aQ growing with decreasing
temperature is expected for all processes in which an activation term of the
type exp —— E/KT is involved. The shock—cooling experiments in particular
emphasize the importance of friction processes at crack surfaces but of
course this process must stop if a rock is under sufficiently high hydro-
static pressure.

Friction-type mechanisms with a frequency independent Q have
proposed e.g. Knopoff (1964) and Walsh (1966). A special type of struc-
turally controlled absorption is that one by fluid motion in pores and
fissures. This is an important process for ultrasound absorption in wet
rocks but because of its frequency dependency probably of little significance
in the seismic frequency range.
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Another important result is the fact that rocks of equal or similar
mineralogical composition but of different texture have qualitatively
similar Q(T) curves. This characteristic behaviour has also been found in a
quartz crystal with no noticable texture. This means that there must be a
group of intrinsic absorption mechanisms typical for a specific micro
lattice structure and binding force system. Also here only attenuation
mechanisms with extremely low activation energy can be relevant, such as
dislocation kink movement (Bordoni effect) or certain low energy atom
displacement processes. The existence of peaks and troughs in the Q(T)
curve suggests that most of these processes are some kind of relaxation pro-
cess with a certain, but temperature dependent, relaxation frequency. The
observation that the peaks in Q(T) shift somewhat with texture may in-
dicate that also these mineral specific attenuation processes are somehow
related to the grain boundary.
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Aortmot. The Askania borehole tiltmeter (vertical pendulum) has been only
used for recording earth tides so far. But because of its wideband instrumental
characteristic and low noise installation in a borehole it is very suitable for record—
ing the earth’s free oscillations as well. The applicability of the instrument as a
tiltmeter and an accelerometer makes it possible to record both spheroidal and
torsional oscillations of the earth.
The experimental equipment of the tiltmeter is described and the preliminary
analysis of a signal is given.

Key wordy: Free Oscillations —- Borehole Tiltmeter — Vertical Pendulum.

7. Introduction

In the last years more and more importance has been attached to the
observations of free oscillations of the earth excited by larger earthquakes
and detected by tiltmeters, gravity meters and strain gauges. A large
number of frequencies of free oscillations can be estimated and they provide
rather precise information on the density and the elastic moduli within the
earth.

At the station Zellerfeld-Muhlenhohe (51.82 0N, 10.34 °E), where the
Askania borehole tiltmeter based on the vertical pendulum principle is in
operation with success in the range of tides and longer periods since several
years, we also record since March 1973 in the frequency range of earth’s
free oscillations. Full details about this tiltmeter are given by Jacoby (1966),
and Rosenbach and Jacoby (1969).

To our knowledge, at other places this instrument is used so far as a
tiltmeter in the frequency range of earth tides only. In this case however,
the applicability of the tiltmeter is not fully utilized. By the construction
principle of the instrument, the advantageous installation in 30 m deep
boreholes applied at Zellerfeld-Muhlenhohe from the beginning (Flach and
Rosenbach, 1971), and by the electronic stage of progress we were encourag-
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ed to do recordings in the frequency range of the earth’s free oscillations
as well, especially as in this range the normal microseismic noise is extremely
low.

The signals of free oscillations which can only be observed after larger
earthquakes are very small. Therefore, a band—pass filter was built with a
band width in the range of free oscillations (1 cph to 60 cph) and with a
110—fold amplification. By this the sensitivity of recording was decisively
improved, and we succeeded in indentifying free oscillations quite clearly.
These arrangements however were only possible because of the advanta-
geous signal-to—noise ratio, the instrument being installed in a 30 m deep
borehole.

In the following paragraph the filter is described more precisely.

2. Filter

For the development and construction of the band-pass filter the follow-
ing characteristics were important for us, and according to them we chose
the properties of the filter:

upper and lower cutoff frequency,
gain in the filter pass band,
attenuation rate beyond the cutoff frequencies,
type of filter (Butterworth, Bessel, Tschebyschefl),
step response.

The characteristic properties of the used filter can be taken from Fig. 1.
The lower cutoff frequency is determined by the lowest frequency of

free oscillations, the spheroidal first harmonic or so-called football-mode
which has a period of about 54 min. Furthermore, it is necessary to attenuate
the gain above this period to such an extent that earth tides are suppressed.
By this, any difficulties with the harmonic analysis of the free oscillations
are avoided. This attenuation was achieved by a three-pole Butterworth
high-pass with a cutoff frequency f; = 3 ><10—4 Hz (period 55 min). As
the gain decreases beyond the cutoff frequency byf3, the attenuation of the
amplitude of the semidiurual principle tidal wave M2 is -—66dB e. g. being
sufficient in our opinion.

Above the lower cutoff frequency f; the signal is amplified. The gain
of 41 dB is fixed in such a way that on the one hand a high sensitivity is
achieved but on the other hand the noise of the band-pass and of the tilt—
meter was not increased too much, see also paragraph 4.

Because of the use of a four—pole low-pass the gain above he upper cutoff
frequency fu = 0.015 Hz (period 66 sec) is decreased by f4. By this, the
oceanic microseism in the frequency range of 0.15 Hz, where usually the
largest amplitudes occur, is attenuated so much that it normally does not
disturb the recordings.



Recordings of Earth’s Free Oscillations with Borehole Tiltmeter 357

fl = 3x10'4Hz f“: 15:13'2Hz
1.0 -

Î; . .
‚t:- Free oscullntion

Æ charme!

Ë
20 -

{1!
3;.
D

„D
o

to
E
m Ü
m
C
D
D.
U1

F.”
E _ 2 - Di rm:
U

0
min! Tidol chnnnel

Ü WE‘VE“

l
. Semidiurnul

lidnl wove
J

"L0 J I 1 u . .

10"3 10"“ 10 '3 10'2 10"
Frequency [Hz]

10h 1h 10min 1min 10 sec
Period

Fig. 1. Amplitude-frequency characteristic of the filtering system for simultaneous
recording of tides and free oscillations of the earth

Fig. 1 shows both the amplitude—frequency characteristic of the band—
pass and the amplitude-frequency characteristic of the lovass used for
recording earth tides. Due to an appropriate design of the filtering system
this low-pass filter can be used for recording free oscillations as well as
earth tides. This can be seen from the block diagramm in Fig. 2.

The low-pass filtered signal arrives directly without further modifica—
tion at the tidal recording system. For the recording of the free oscillations
the low-pass filtered signal is high-pass filtered, “0-fold amplified and
finally recorded by the recording system. By this disposition of the filters
an overmodulation of the free oscillation channel by microseism and tides

. Lowposs _ Tidal
Tlltmeter 0.015 Hz

-
Channel

Highpuss _ Amplifier = Free Oscilla-
3x10“4Hz Goin “(:13 non Channel

Fig. 2. Block diagram othe filtering system for simultaneous recording of tides
and free oscillations of the earth
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Fig. 3. Circuit diagram DE the band—pass filter

is avoided. Due to the low cutofi frequencies f; andfu, the high gain in the
band-pass range and the large loss DE gain above and below the cutoff Ere-
quencies (see Fig. 1), the construction DE the band-pass filter can only be
realized with reasonable expenditure by multipole active filters (Tietze
and Schenk, 1971).

Fig. 3 shows the circuit diagram DE the complete band—pass filter.
As active elements high quality, low drift and low noise operational

amplifiers were used. By this, in spite of high gain an excellent stability DE
the output voltage and a very low noise level DE the complete electronic
device is achieved. Of course, a considerable amount DE circuits had to be
applied, as can be seen in Fig. 3.

As already mentioned above, the lowupass filter which is part DE the
band—pass filter was used for filtering in the tidal channel. Therefore, it
had to meet some further special requirements, eg. with regard to the
calibration of the tiltmeter. Details about this are given elsewhere (Große-
Brauckmann, 1973).

5. EZeetrem'e Release anaemia

The recording DE the earth’s free oscillations which in general are
excited b}? larger earthquakes is sensible only, if the time resolution DE a
record is sufficiently high enough, i.e. the rules according to the sampling
theorem have to be considered (Blackman and Tultey, 1958).
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Fig. 4. Demonstration of the trigger process

To avoid aliasing the Nyquist frequency fN = 1/2 A f, where A! is the
sampling interval, has always to be higher than the highest frequency
appearing in the record. By filtering the signal, as in our case, the upper
band—pass frequency f,, can be taken as a criterion for the highest appearing
frequency. With a cutofi' frequency off}, : 0.015 Ha (see Fig. 1) it can he
considered that the sampling interval A: has to be much smaller than 33
sec.

The earth is relatively seldom prompted to free oscillations. This is
especially true for the generation of the lower spheroidal and torsional
harmonics. Therefore it is not advisable to record constantly with a high
sampling rate of more than 2 measurements per min. To avoid the process-
ing of quite a lot of useless data an electronic release mechanism was
developed to start the recording system at the beginning DE a larger
earthquake.

The principle of this mechanism is based on the recognition DE surface
waves, as these periods are still in the transmission range DE the hand-pass
to a certain extent. In contrast with ordinary seismology it is not important
for recording free oscillations to record the first signal DE an earth-quake
precisely, as it can be assumed that the oscillations last for a longer time.

As a criterion for an event which triggers the recording system a wave
was taken at the output DE the band-pass, with a period not greater than
100 sec and a given amplitude. The long period was chosen, as owing to
the dispersion DE the surface waves the waves with long periods arrive
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Fig. 5. Block diagram of the release mechanism

first. Only if both conditions are complied with, the recording system is
started.

Fig. 4 shows this trigger process for further explanation. If the amplitude
of a surface wave exceeds a certain desired quantityr A, the monostable
multivibrator MM I is triggered by a comparator. At the output of MM Ia
signal is now available for 50 see. If the negative half-wave reaches the
value “A, the other monostable multivibrator MM II is triggered. In case
the period of the arriving wave is not longer than about 100 see there is a
time interval Ar during which at the outputs of both multivibrators a signal
is available. A NAND gate responds in this time interval and the recording
is started by a trigger circuit.

Fig. 5 shows the block diagram of the whole release mechanism.
Between two events an analogue recorder records the signal coming

from the band—pass, with a chart speed of 15 mm/h. This record is used for
continuous checking. On arrival of an event the chart speed is 20-fold
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increased and simultaneously a digital recording system is set in operation.
The advantages of a digital record are, above all, the full resolution and the
high dynamic range of >100 dB. After a certain time which is presettable
the recording systems are switched oEautomatically. At present this happens
after about 30 hours. At prolonged free oscillations this period can be ex-
tended as desired.

4. Noise

For the interpretation of records the signal-to-noise ratio is funda-
mental. As causes for noise in the frequency band of earth’s free oscillations
the following sources are under consideration:

band-pass filter,
mechanical part of the tiltmeter,
electronic part of the tiltmeter,
low-frequency microseism,
local tilting of the ground in the ambient area of the site.

The noise resulting from the band—pass can be measured rather simply
in the laboratory independently of all other influences. It reaches about 40/0
of the total noise. The noise caused by the mechanical and electronic part
of the tiltmeter can be measured by locking the tiltmeter in the borehole
and thus eliminating all noise resulting from external influences. The
amplitude of the instrumental noise of the locked pendulum amounted to
500/0 of the total noise, as sources being possible:

Brownian motion within the capacitive transducer, which transforms
the movements of pendulum into electric signals (voltages). This is
most clear if one considers that a voltage of 100 mV at the output of the
band-pass is equivalent to a movement of the pendulum’s detector plate
of 2 A (2 x10-1°m).
Current noise of the transistors and operational amplifiers used for the
electronic system of the tiltmeter and the band-pass filter.
Thermal noise of resistors.

Probably the main part of the instrumental noise is given by the elec-
tronic noise. An argument for this assumption is that the spectrum of the
instrumental noise shows a characteristic increase of the amplitudes with
increasing periods which is typical for noise caused by transistors and
operational amplifiers. In our opinion this gives the chance to decrease the
noise level of the tiltmeter even more by improvements in the electronic
system.

During quiet periods, the total noise consisting of instrumental and
microseismic noise reaches an amplitude (peak-to-peak) of 60 mV at the
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output of the band-pass. This voltage is equivalent to an acceleration of
2 >< IÜ-IÜg or a tilt of 4 x 10- L’msec arc (maximum amplitude of the earth
tides 35 msec). But the noise level can be increased by the influence of
external effects. Fig. 6 shows an example.

Within 24 hours the noise was increased 5 times by the influence of a
cyclone with strong gale.

5. Swap/a; qf Ram/tr

The gain of the registration system has been chosen in such a manner
that the actual amplitudes of the earth’s free oscillations are large enough
for the analogue registration. Due to the small dynamic range of the chart
recorder and the large amplitudes of the surface waves a considerable
overmodulation has to be put up with at the beginning of the record. The
digital registration system which is started simultaneously with the chart
recorder has a dynamic range of 102 (113. Thus any overmodulation can be
avoided by choosing the gain of the digital registration system appropri—
ately.

An example demonstrating the function of the release mechanism is
shown in Fig. 7.

The complete arrangement for recording the earth’s free oscillations
has been installed in early 1973 and is operating after a few small modifica-
tions and improvements continuously. It is in the nature of things that
sufficiently big events to cause free oscillations take place seldom. There-
fore, we have just recorded only a few events since the beginning of our
measurements. Fig. 8 shows an example of such an event the parameters
of which are given in Table 1. For comparison the spectrum of the ambient
noise is given as well in the figure (solid line).
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Table 1. Parameters DE the observed earthquake (from Norsar Seismic livents
Summary, issued 4 Jul)", 1973)

Origin time june 24, 1973 03.04.12 GMT
Lipicentre 42 ”N, 146 “[5.
Location Hokkaido, Japan
Sourcewreeeived distance 71"
Body wave magnitude 6.0

\We demonstrate a preliminary interpretation using one DE the latest
model calculations (Dziewonski and Gilbert, 1972). In figure 8 only peaks
were marked which could be identified. Due to large amplitudes DE the
surface waves the record was overmodulated in the first hours. That is wh}-'
this part DE the signal could not be used for harmonic analysis. The signal
which was actually used for the analysis begins 2 h 50 m after arrival DE the
release signal and takes '16 h 59 m. Fig. 8 shows the harmonies with a
frequency up to 6.3 >< 10-3 Hz.

At the moment we are working on the improvement DE the interpretation
method. It is desirable to get a better resolution DE the harmonic analysis.
The free oscillations DE the earth excited by smaller earthquakes only last
a short time, provided that they actually occur. Leaving the sampling
interval At constant the resolution DE a harmonic analysis is directly pro-
portional to the length DE the interval processed. Therefore, smaller
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earthquakes do not only yield a smaller signal-to-noise ratio but a poorer
resolution of frequency as well. Methods used on other subjects are in-
vestigated to raise the resolution of the frequency analysis (Paul, 1972).

6. Comit/52'0”

This paper deals with the experimental requirements for recording the
earth’s free oscillations with the Askania borehole tiltmeter. It could suc—
cessfully be proved that a further important field of application was found
for this instrument. These results could be achieved because of the modern
possibilities of electronic filtering and the advantageous signal-to-noise
ratio in the measurements which are dependent on the tiltmeter itself, the
installation in 30 m deep boreholes and the digital recording system.

The neXt step will be, as soon as a suitable gravity meter will be available,
to develop a system for recording not only the horizontal but also the
vertical acceleration.
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Abn‘mvt. 26 heat flow values were determined in the northern Italian lakes.
The mean is calculated to be 1.59 ,ucal cm‘zs—1 and after subtraction of the effect
of uplift and denudation of the Alps 1.07 ,ucal cm‘ 23—1. With regard to the results
of Austria and Hungary a rise in the mean values is observed from west to east.

Heat flow maps have been constructed performing a trend analysis of all
available European heat flow values. The Rhinegraben and Ivrea anomaly having
a “local” character are not recognizable on the maps.

Simple transient models for the Ivrea anomaly and the two Mediterranean
anomalies have been calculated to explain the present surface flow distribution.

The existence of a low velocity layer in the crust west of the Ivrea body is not
in disagreement with the measured heat flow values. This does not hold for the
Ivrea region itself if correction of the heat flow values for uplift and denudation
is being made. However, it is perceivable that a heat wave caused by the possibly
anomalous hot low velocity layer has not yet reached the earth surface or can not
be detected due to the inaccuracy of the measurements.

Key words: Geothermics — Heat Flow — Trend Analysis of Heat Flow Values.

7. Introduction

Heat flow maps from Germany and Central Europe (Haenel, 1970,
Haenel and Zoth, 1973, Hurtig, 1973) have already been published in the
past. Unfortunately the polynomial representations always showed strong
gradients near the margins not representative of the true situation. Therefore
an enlarged isoline map of Central Europe is being proposed in this paper.
Furthermore some new heat flow values from Northern Italy are presented.

2. Heat Flow Meamremmt: in the Lake: of Northern Italy

Twenty-six heat flow values in 8 lakes were measured in the autumn
of 1970 (Table 1). The measurements and corrections for the influence of
topography, sedimentation and the annual temperature wave in the water
near the bottom were carried out following Haenel (1970). For three lakes
(Iseo, Sirio and Viverone) no water temperature measurements were
carried out, which made it impossible to correct the heat flows individually.
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The correction for these lakes was calculated using a mean annual tem-
perature wave (I—laenel, 1970, 1971). Included in Table 1 are values obtained
in two drill holes (Colleretto, Ivrea and Chezallet, Aosta) and also in the
Monte Bianco~tunnel (Bossolaseo and Palau, 1967) (Fig. 1).

The effect of uplift and denudation of the alps was calculated as proposed
by Haenel (1973). N0 sedimentation rates necessary for the calculation of the
uplift have yet been published for the area studied. A mean extrapolated
sedimentation rate of 0.5 mm yr—l (Haenel, 1973; Fig. 1) was assumed.

The mean of all heat flow values is ÿ=1.59 ,ucal cmc‘ls“1 and, after
correction for uplift and denudation, (fin-1.07 Incal em'2s*1. The values
for Austria are $21.99 ,ucal cm‘gs'1 and (nu-:139 ,ucal cm—gs—l, re-
spectively. There is an increase of the heat flow in the Alps from west to
east. A maximum is reached in the Hungarian basin in which 15722.46
,ucal crn—Zs‘1 is observed.

3. Heat Flow Maps

The maps take into account about 650 heat flow values from points in
14 countries, the Atlantic Ocean, Black Sea, Mediterranean Sea and the
Norwegian Sea. Their means are shown in Table 2. A trend analysis was
used to calculate the heat flow contour maps (Haenel, 1971). The best-fit
surface is of seventh order which was checked by means of a statistical
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test method. E. Mundry1 kindly provided the relevant computer pro—
grammes. Figs. 2 and 3 show the results of the trend analysis.

Both figures show positive and negative heat flow anomalies. It must
be born in mind that the polynomial representations near the margins
frequently show steep gradients which are not real. Overmore, anomalies
appear often there, where only few data points exist (Haenel, 1971).

In the north the values are relatively low, and in the south there are
positive as well as negative heat flow anomalies. The central portion of
Fig. 2 shows a “threshold” anomaly running northwest-southeast with a
maximum in the Hungarian basin. In Fig. 3 there are two maxima and one
minimum in this region.

Remarkably the positive Rhinegraben anomaly (Haenel, 1971, 1973)
and the negative Ivrea anomaly (see Table 1) are not recognized in the trend
analysis. Presumably both anomalies are of local importance in comparison
with Europe as a whole.

4. Discussion of Heat Flow Anomalies

Nortborn Anomaly
In the northern part of Figs. 2 and 3 the extended negative anomaly

in the region of Sweden, the Baltic Sea, Poland, and the Soviet Union is
well established by many measured heat flow values of 0.8—1.0 ,ucal
cm"2s—1 which are typical for the Precambrian shield and Paleo-Europe
(Puranen et al., 1968; Majorowicz, 1973).

Tbros/Jola' Anomaly (Including fbe Hungarian and Iorea Anamaly)
The threshold anomaly is dominant in the central portion of Fig. 2

and Fig. 3, and approximately follows the structure of the Bretagne, the
Alps, and the Dinarides. However, in the western and eastern parts of this
anomaly only few measurements exist.

The positive anomaly (Hungarian anomaly) south of Budapest in Figs.
2 and 3 might possibly not be as extensive as shown since it is based on only
4 heat flow values. If measurements were available for the Belgrade, Sofia,
and Bucharest region, this anomaly might disappear in trend surfaces up
to the order of about 7 and would obviously then have only local im—
portance as does the Rhinegraben anomaly. It is possible that the Hungarian
anomaly could be interpreted assuming a granitic layer instead of sediments,
gneisses, etc. just as in the case of the Rhinegraben anomaly (Haenel, 1971).

In Fig. 3, which eliminates the effect of uplift and denudation, there
is a negative heat flow anomaly in the western Alps and Po Plain. This

1 Dr. E. Mundry, Niedersächsisches Landesamt für Bodenforschung, 3 Han-
nover, Stilleweg 2.
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anomaly may correspond to a seismic and gravitational anomaly in the
Surroundings of Ivrea (Berckhemer, 1968; Kaminski and Münze], 1968).
Intrusion of ultrabasic rocks of the Ivrea body began about 200—400 mill.
years ago (Graeser and Hunziker, 1968; Jaeger er (71., 1960, 1967), and they
have perhaps been uplifted to their present location by alpine tectonic
processes.

The variable temperature field in the neighborhood of the Ivrea body
during the uplift process can be calculated with the non-stationary equation
of heat conduction with an advective term:

.î?2]'+ _.1.. crac]?
3: Qt: Qc v:r (1)

with:

= required temperature (DC)
= time (s)
= thermal conductivity, here 5 . 10"3 cal cm"1s'1 deg"1
= rock density, here 2.9 g cm"3
= specific heat, here 0.25 cal g‘"]deg"1
= heat production (cal cm*3s’1), see I-laenel (1971, 1973)
= intrusion velocity (cm s’l)ËÈŒWJ‘QPHH

For application of Eq. (1) the derivations are replaced by finite differences
and the calculation is performed with a high—speed digital computer
(Minear and Toksoz, 1970; Mundry, 1970; Peaceman and Rachford, 1955).

The Ivrea body according to Giesc et al. (1967, 1970) is shown in Fig. 4.
For the time i=0 we assume homogeneous crust conditions (up to

30 km depth acid material, up to 50 km basic material, gradient ~35 ÜC/
100 m). Afterwards the Ivrea body starts to rise with an uplift rate of
1 cm yr—1 or 10 cm yr"1 resp. (Values similar to the seafloor spreading rate
(Le Pichon, 1968; Wilson, 1973)). As the uplifted body reaches the surface
(see Fig. 4) the rise is assumed to be completed. The calculation is continued.
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After about 100:}:20 mill. years the temperature conditions become sta—
tionary. This time span does not exceed the above mentioned rock ages.
Therefore today we have stationary conditions with respect to the uplift
of the Ivrea body.

West of the Ivrea body the mean heat flow is qæ2.0 ‚ucal cm—Zs—l.
This points to likely temperatures of 600——800 °C in the range of the crustal
low velocity layer (10—28 km depth) and therefore the material might be
partly or completely molten (see Haenel (1973), Fig. 5).

Detailed temperature investigations for the Ivrea region will be pre-
sented in an upcoming paper.

If the heat flow values measured above the Ivrea region are corrected for
uplift and denudation, the temperatures at the depth of the low velocity
layer are approximately 400 °C and therefore too low to explain the low
velocity by partial melting. However, there are time dependent limits to
the resolution of heat flow values measured at the earth’s surface. If there
would be temperatures of 700 °C or more at 20 km depth then it is possible
that the heat may not yet have reached the earth’s surface. The time required
for the heat to reach the surface can be calculated using the formula (Uyeda
and Horai, 1964): ‘—

n=oo
2 2.—-—[2<—-tn

n=1

With:

Aq = even measurable heat flow, say 0,1 cal cm'zs—1
Â = 5 . 10'3 cal cm—ls‘ldeg—1
A T = sudden temperatur rise at t = 0, about 300 °C
z = depth of temperature rise, 20 km
x = thermal diffusivity, here 1 - 10‘2 cm—ZS‘1
1 time elapsed since beginning of the sudden temperature rise

For these values we calculate a time of about 1 mill. years. Therefore, if
1 mill. years ago at 20 km depth a sudden temperature rise of 300 °C
occurred such that the total temperature was 600 °C or more, the additional
heat flow cannot be measured today at the earth’s surface, especially if the
measuring accuracy is not better than 0.1 ‚ucal CHI—28" 1.

Western Mediterranean Sea Anomaly

The distribution of the heat flow measurements and a lack of values for
northern Africa has given a positive anomaly, which lies southwest from
the actual positive heat flow anomaly in the Tyrrhenian Sea. The seismic
results (Fahlquist and Hersey, 1969; Hinz, 1972; Hirschleber et al., 1972)
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and the gravity investigations (De Bruyn, 1955) suggest for the region
west of Sardinia and in the Tyrrhenian Sea an intrusion of ultrabasic
material similar to the Ivrea body (Berry e! mi, 1969).

However, the results allow only a simple geothermal model (Fig. 5A).
Assumed is the presence of an intrusive body 200 km wide which rose at
time ä = 0 from about 50 km depth (temperature are approximately 1000 OC
there) with the velocity of 1 cm yr‘1 and 10 cm yr“1, respectively. Further—
more it is taken (,7: 1.6 ‚ucal cm'Lrl, ‚1:5 - 10"3 cal em"1s'1deg"l,
g 22.9 g cm"3, r =0.25 cal g"1deg—1, a heat production as indicated Fig. 5
and a grid system with .41x:=rle=5 km. The intrusion is finished after
2.5 mill. years and 0.25 mill. years, respectively.

We find that above the center of the intrusion body for au =10 cm yr—1
after 4.5 mill. years the heat flow is 9,322.2 Meal «cm—25—1 (see Fig. 5A)
and for s- :1 cm jar—1 after 6 mill. years (fi.- :2.0 cal cm—Es—I.

Easier): JMEditerrw-Æan Sea Angina/y

Because of insufficient geophysical results we can only apply the same
model used for the western Mediterranean Sea. If we continue the above
calculation, the nearly stationary condition with 46:0] ,ucal can-Es“l
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would be achieved after about 15 mill. Years (see Fig. 5B) for 22:10 cm
yr—1 and 20 mill. years for 1 cm yr-l, respectively. According to Vine et al.
(1973) the uplifted Troodos igneous massiv on Cyprus has an age of about
76 mill. years. This does not contradict the ages derived from the geo-
thermal model.
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Die Bestimmung der Transmissivität
von Grundwasserleitern aus dem Einschwingverhalten

des Brunnen—Grundwasserleitersystems

I. Krauss

Institut für Meteorologie und Geophysik, Frankfurt/Main

Eingegangen am 6. Februar 1974

The Determination of the Transmissibility of Aquifers
from the Transient Motion of the Well-Aquifer System

Abxtract. The analysis of transient motion of the well-aquifer system is used
to determine the transmissibility of the confined aquifer without pumping test.

The relations between the parameters of transient motion, damping coefficient
and natural frequency, and the hydrological parameters transmissibility and
storage coefficient and the well geometrie has been derived.

The agreement of transmissibility computed from transient motion with the
results of pumping tests for 3 wells is shown to be good.

Key words: Transmissibility — Pumping Test — Confined Aquifer — Pressure
Head — Transient Motion — Damping.

Zummmenfammg. Berechnungen der Transmissivität aus dem Einschwing-
vorgang und die Auswertung von Pumpversuchen liefern in etwa die gleichen
Ergebnisse. Man gewinnt durch die Messung des Einschwingvorgangs zusätzlich
Informationen über die Tiefe des GL.Zudem lassen sich mit dieser Methode
mehrere Grundwasserstockwerke trennen. Die Methode ist damit praktisch an-
wendbar. Ihr VorZug gegenüber dem Pumpversuch liegt in der einfachen und
schnellen Messung und Auswertung.

Für den aperiodisch gedämpften Einschwingvorgang muß der Vergleich mit
Pumpversuchsergebnissen noch durchgeführt werden. Die abgeleiteten Be-
ziehungen gelten jedoch grundsätzlich auch für große Dämpfungen bzw. kleine
Durchlässigkeiten.

Nomenklatur

C = 7:20 ~ ww/T Dampfungsfaktor (dimensionslos)
Es Kompressionsmodul des (Masse/L Zeitz)

Gesteins
Ew Kompressionsmodul des (Masse/L Zeit2)

Wassers
d Mächtigkeit des (m)

Grundwasserleiters
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funktion 2. Art, O. Ordnung
Real— und

}. „ . VOI] K0Imaginarteil
Porosität
Druck am oberen Rand
des GL
Druckänderung im GL
Zufiuß Zum Brunnen
Resonanzamplitude
= Verstärkungsfaktor
Abstand vom
Brunnenmittelpunkt
Brunnenradius
Speicherkoeffizient
Zeit
Transmissivität
\Wasserspiegelbewegung
im Brunnen
Anfangsamplitude des
Einschwingvorgangs ß < 1
Anfangsamplitude des
Einschwingvorgangs ß > 1
kompl. Anfangsamplitude des
Einschwingvorgangs ß < 1
Arg. der Kelvinfunktion;
ß < 1
Arg. der Kelvinfunktion;
ß > 1
Dämpfungskoeffizient
Dämpfung des
Einschwingvorgangs
kompl. Exponent des
Einschwingvorgangs; ß < 1
reeller Exponent des
Einschwingvorgangs; ß > 1
Dichte des Wassers
Frequenz des
Einschwingvorgangs
Resonanzfrequenz
Eigenfrequenz des Brunnens

(m2)
(dimensionslos)
(m/sec2)

(m)

(m)

(m/sec 2)
(m/sec)
(dimensionslos)

(dimensionslos)
(dimensionslos)
(kg/m sec 2)

(kg/m sec?)
(m 3/sec)
(dimensionslos)

(m)
(m)
(dimensionslos)
(sec)
(mZ/sec)
(cm)

(cm)

(cm)

(cm)

(dimensionslos)

(dimensionslos)

(dimensionslos)
(sec— 1)

(SCC‘ 1)

(sec’ 1)

(Masse/Volumen)
(sec‘ 1)

(sec‘ 1)
(sect 1)
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Tr
I

Resonanzperiode (sec)
rw Eigenperiode (sec)

R,
x, Hilfsvariablen zur Lösung der Gleichung des
A, B Grundwasserflusses

Einleitung

Die vielfältigen Methoden, die Transmissivität und damit die Ergiebig-
keit von Grundwasserleitern, zu bestimmen, basieren auf der Auswertung
von Pumpversuchen. Beim Pumpversuch wird aus einem Pumpbrunnen
Wasser gefördert und die Absenkung und/oder der Wiederanstieg im
Pumpbrunnen oder in Beobachtungsbrunnen in Abhängigkeit von der
Fördermenge und der Zeit gemessen. Pumpversuche sind daher im allge—
meinen recht aufwendig. Im folgenden soll eine Methode vorgeschlagen
werden, die schnell und ohne besondere Kosten Anhaltspunkte für die
Durchlässigkeit des (gespannten) Grundwasserleiters (im folg. GL genannt)
liefert. Sie soll den Pumpversuch nicht ersetzen, sondern dann zur Anwen—
dung kommen, wenn schnell Ergebnisse erzielt werden sollen. Gedacht
ist an Messungen während des Bohrens oder die Feststellung, ob sich durch
Sprengungen die Durchlässigkeit eines GL geändert hat.

Ausgegangen wird von folgenden Überlegungen: Die Antwort des
Brunnen—GL—Systems auf seismische Wellen zeigt, daß das System in 1.
Näherung durch eine Differentialgleichung 2. Ordnung beschrieben
werden kann und ein schwingungsfähiges System ist (Schenk und Krauss,
1972)

Ein solches System kann neben erzwungenen Schwingungen (durch
Erdbeben) auch freie Schwingungen ausführen. Verlauf und Dauer dieses
Einschwingvorgangs hängen von der Dämpfung und Eigenfrequenz des
Systems ab. Diese wiederum werden beim Brunnen-GL—System durch die
Parameter des GL, Transmissivität und Speicherkoeffizient, und die
Brunnengeometrie bestimmt. Die Ableitung der exakten Zusammenhänge,
ermöglicht es, die GL-Parameter aus den leicht bestimmbaren Parametern
des Einschwingvorgangs zu berechnen.

Die Entwicklung und Anwendung dieser Methode der Durchlässig—
keitsbestimmung erfordert folgende Schritte:
1. Ableitung der Beziehungen

Dämpfungskoeffizient ß = ß (T, S, H0, rw, . . .) (*)
Brunneneigenfrequenz cow = cow (T, S, H0, rw, . . .)

2. Anregung und Messung des Einschwingvorgangs
3. Bestimmung von ß und ww aus dem Einschwingvorgang

4. Berechnung der Transmissivität unter Benutzung der Beziehungen (*)
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Abb. 1. Modell eines Brunnes im gespannten Grundwasserleiter. x (t): Ein-

schwingung des Systems

Die Methode wird in diesen Schritten entwickelt und am Beispiel von 4
Probebrunnen praktisch angewendet. Für 3 Brunnen liegen Pumpversuchsv
ergebnisse vor, so daß die Resultate überprüft werden können.

î. 1419252}q der Basis/Jungen zwischen Dämpfung und
Eigenfrequenz und den (IL-Parameter}:

a) Modell
Ausgegangen wird von einem Brunnen in einem gespannten, nicht

fließenden Grundwasserleiter (Abb. l).
Der ideale gespannte GL besteht aus einem ausgedehnten permeablen

Medium (homogen und isotrop), das mit Wasser gesättigt ist. Oben und
unten ist der GL durch undurchlässige Schichten abgeschlossen. Die
laterale Ausdehnung kann als Unendlich angesehen werden. Der Flüssig+
keitsdruck im GL ist so groß, daß das Wasser in einem Brunnen bis über
den GL ansteigt. Die Höhe der Wassersäule [—10 (Druckhöhe) ist dabei dem
hydrostatischen Druck proportional (Bredehoeft, 1967).

Dieses Brunnen-GL-System ist schwingungsfähig und wird daher durch
eine Schwingungsgleichung beschrieben:

fig—F Mmf+ww2x=o (1)
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Die allgemeine Lösung dieser Gleichung mit den Anfangsbedingungen:

x(0)=xo

5c(0)=0

liefert eine Form der Eigenschwingung des Systems und lautet:

(3279311t — .rl'eszt) (2)1
x(t) = x0

I2 _ I1

mit :1, :2 als Lösungen von 52+2ßww5+ wwz = O (Doetsch, 1961, S. 51).
Mit ß>1, ß’ = ß ' 00w und a)’ = wwV1— ‚62 erhält man:

x(z‘) .-—_- e—ß't (cos („7+ Ê; sin w’z‘) (3)
w

In komplexer Schreibweise:

XO‘) = e—ß’t (1—zß—) (cos w’t—l—z' sin œ’t) = ÿod-B’Hw’fl = yoga/t
a),

‚ 4
mity=—ß’+z'w'und5c0=x0 (l—iä—I) ()

Für ß >1 ergibt sich:

(5)
7732‘: e “iv—3TH ex(t)=xoe_ßit(ß+V52-1 +wwVfi2_1’_ 5—Vfi2_—_1

‘wwVfiz—lt)
Für ß>1 (hier genügt ß>1.5) kann x(z‘) angenähert werden durch:

x(z‘) æ 9203(— ßa’w + wwVflz _ 1)’= W 7” (ÿ reell) (6)

Das Ziel ist es, ‚B und ww in (1), bzw. (3) und (6) durch die Parameter
des GL und die Brunnengeometrie auszudrücken.1

b) Aufstellung einer Gleichgewichtsbeziehung
Das Brunnen-GL-System führte seine Eigenschwingung aus (Abb.1).

Betrachtet man die Kräfte an der Fläche F, so läßt sich eine dynamische

1 Der aperiodische Grenzfall ß = 1 und der Bereich 1 = ß g 1.5 seien hier
ausgeklammert, da die Ableitung für diese Fälle nicht in gleicher Form durch-
Zuführen ist.
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Gleichgewichtsbeziehung aufstellen. Es herrscht Gleichgewicht zwischen
den Kräften im Brunnen und im GL.

e . F [g(<HO+ x) È) +g (Ho+x>] -——— FLPo —p (am (7)
Der erste Term der linken Seite ist die Trägheitskraft und der zweite

Term das Gewicht der Wassersäule.
Die rechte Seite setzt sich zusammen aus dem Normaldruck P0 und

einer Druckänderung p(r,z‘)rw, die im GL entsteht, wenn sich der Wasser-
spiegel im Brunnen ändert. Der zweite Term drückt damit die Rück-
koppelung des variablen Wasserspiegels x(z‘) auf den GL aus. Er hängt von
der Entfernung r und der Zeit ab und ist an der Stelle r == rw zu nehmen.

Nach Differentiation und Linearisierung reduziert sich (7) zu

dzx g _ _ g _
Et?

+
Î—Îox— ÎÏO

b(r,t)rw (8)

mit Druckhöhenänderung ly(r, t) = p(r‚ z‘)/g ' g und H0 = [DO/g - g.
In dieser Gleichung muß [9(r, z‘) berechnet werden.

c) Die Gleichung des Grundwasserflusses
Die Differentialgleichung für die Druckänderung b einer kompressiblen

Viskosen Flüssigkeit in einem elastischen gespannten GL lautet (De Wiest,
1966):

Ab(x‚y‚z‚t):%omää’_z’i) (9)

(Typ DiHusionsgleichung)
Unter der Annahme, daß die Druckverteilung im GL zylindersymme—

trisch zum Brunnen erfolgt, reduziert sich (9) zu

62/90; t)
8r2

ôb(r,t) __ 5 . 6/2031)ar — î *5?" (10)
1
r

Für den betrachteten Fall sind die Randbedingungen:

1. h(oo,t)=0

. __ _ am,» _Q_F.2.1r1_n3( Tr 6r)—§§_z_2_nx

Quellenbedingung (Tychonoff u. Samarski, 1959, S. 568)
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Die 2. Randbedingung drückt die Übereinstimmung zwischen dem
Zufluß Q, dem GL und dem Fluß im Brunnen aus.

Mit diesen Randbedingungen soll (10) gelöst werden.
Trennung der Variablen und der Ansatz 12(7", z‘) = 1200-t führt zu

einer modifizierten Bessel’schen Differentialgleichung:

x212 (r) = 0; „2 = V—“Ï (11)‚42.1359 + 1.511302 _
r dr

Die Lösung dieser Gleichung läßt sich als Linearkombination der mod.
Zylinderfunktion 1. Art O. Ordnung I0 und der modifizierten Zylinder—
funktion 2. Art 0. Ordnung K0 zusammensetzen (McLachlan, 1955, p. 116).

R(r) = A -Io(% - r)+B ° K000“) (12)

I0(xr) wächst monoton für r—>oo‚ während K0(xr) monoton gegen Null
geht.

Da die Lösung im Unendlichen gegen Null gehen soll (1. Randbedin—
gung), folgt, das A = O und

R(r) = B-K0(xr) ist. (13)

Da sich K000") für r—>O wie —ln (m) verhält, folgt aus der 2. Rand-
bedingung:

lim(_T.r‘W)61/t=1im(f.r @112)t
= 7.13.634

dr 1'"0 dr (14)

Für B ergibt sich damit:

B___5\CO°V°75'rw2 .e‘yt _.§C0oy.rw2—
zn-T 2%- 2T

‘ '.___" . .ytmitx xoye
(15)

unsyz-rw2

Die vollständige Lösung der Gleichung (10) lautet damit:

_5<'0°y'1’w2 7,.5.,,2_%_ tb(r,r)___27__1<0[( T )]67 (16)
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Die Lösung wird in Real— und Imaginärteil aufgespalten. Der Realteil
der Lôsung läßt sich für ß <1 umformen zu:

17W) = 12€]: [002(01) L K1(a)) .5; .—_
1/1—52 _1“’ßz Km) 'x]

mit

x = e—ßwwt (cos(wwV—1—ß2t) + V1 €52 sin (wwy——‘1—521)) (17)
und

KR(oc)Real-.u.nd. }1<0[((_ ß+zV1——ß2)
wwr

”WK] (oc) Imag1narte11 von

Der Realteil von (16) läßt sich für ß >1 umschreiben zu:

2
[7031): 2%](12 (ä)'5c (18)

mit x = £0 . e(-ßww+wwVß2—1)t

und KR (ä) = Realteil von K0
[((_

[3+ VB—g-j) w-r-‘Z
_
SF]

d) Schwingungsgleichung
Betrachtet man das jeweils gefundene b(r‚z‘) an der Stelle r = rw (gerade

außerhalb des Brunnens) und setzt es in die Gleichgewichtsbeziehung (8)
ein, so gelangt man zur Bewegungsgleichung des Wasserspiegels im Brun-
nen.

In beiden Fällen ergibt sich eine Schwingungsgleichung.

K
.ri a-fl<1Î1ÎÎ+HO T(KR() ”Un(19)

f—î—O(1—2;ŸV%—_2Kl(oc))x=

ß>1::—-’25+ iO-gif KK (ä);—j+—-—x=0 (20>
Damit diese Gleichungen als Lösungen den angesetzten Einschwing-

vorgang haben, muß sein (Koeffizienten-Vergleich mit Gleichung (1)):

Zßww = Hi0 - g (KR(oc)— 171::'86__2K1(oc)) (21)
ß<1

œwz = Hi0 (1 2——Ä——;“1’/T_:):”3__K[(0101)) (22)
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und
Zßww = - 12w; KR (a) (23)

/3>1
_g_
H0

(24)(0102 = â;-

Hiermit ist die gesuchte Abhängigkeit zwischen ‚B und ww und den GL-
Parametern im Grunde gegeben.

Leider lassen sich diese Gleichungen nicht explizit nach ‚6 und œw auf—
lösen, da diese voneinander im Argument der Kelvinfunktion abhängen.

Darum wurde ein anderer Lösungsweg beschritten.
Eine Kombination von (21) und (22) mit (m20 ° ww)/ T = C ergibt:

ß L} c (ma) — VT??? ma) - (1 jam—~32 Kl<oc>)‘1;ß<1 (25)

Eine Kombination von (23) und (24) liefert:

ß:%C-KR(ä);ß>1 (26)

In einem Variationsprogramm wurde nun der Dämpfungsfaktor
C = raz, - ww/ T, der auch im Argument der Kelvinfunktion auftritt, so lange
variiert, bis Gleichung (25) und (26) für jedes einzelne ß erfüllt waren. Die
Lösung ist (aus physikalischen Gründen) eindeutig, so daß zu jedem ß
nur ein einziges C und damit auch nur eine einzige Transmissivität T ge—
hört.

Der Zusammenhang ist in 1. Näherung recht einfach (Abb. 2, Tabelle 1).
‚3 ist in etwa proportional 1/T. Die Abhängigkeit vom Speicherko-

effizienten ist sehr gering, da dieser nur im Argument der Kelvinfunktion
vorkommt.

Die Werte für ß <1 und ß >1 schließen jedoch nicht direkt aneinander
an. Hier macht sich die Vernachlässigung der nichtlinearen Terme bemerk—
bar. Eine Näherungslösung der nichtlinearen Schwingungsgleichung unter
Benutzung der Laplace-Transformation (Doetsch, 1961, S. 110) ergibt
zusätzliche Terme, die proportional 1/(1— fiz) sind. Für ‚8+1 wird die
lineare Näherung also immer schlechter. In der Beziehung zwischen ß
und C wurde der Bereich 0.5 g ß g 1.2 daher interpoliert (Abb. 2).
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5':
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Abb. 2. Zusammenhang zwischen dem Diiinpfungskneiiizienten f} und dem
Dämpfungsfaktnr C für verschiedene Speicherkneliizienten

Die gemeine Abbäegig/Eaeit ‚au-werben dem? Däwpfiflgmaafiïzfmmz' ß mari der
Treeeefi'eeiw'fe‘f T baren der): Faktor C == rm - (nu-f T in“ (leere! geflma’ee.

Mit diesem Faktor C (/3) läßt sich jetzt die Abhängigkeit der Eigen—
frequenz von der Druckhöhe berechnen. Aus (22) folgt:

Hezfi'o-mäzg [1 _ 0.5 (1 _ [32)1/2 C—K—[(x(CÇ‘))] (27)

Abb. 3 zeigt die Abhängigkeit awisehen H* und [3.
Auch hier schließen die W'erte für ßjpl und [Ei-e: 1 aus den eben er:

wähnten Gründen nicht aneinander an. Als Näherungswerte kann man
annehmen:

(um es: 3.3 HUI” (28)

Tw es ZVHÖ (29)

Aue der Meeeereg der E‘egeefreqereiza der Brunnen: ließt rieb aim die Drae/eee'be
Md damit die Tiefe der CL berechnen.
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Abb. 3. Zusammenhang zwischen dem Höhenfaktor In” und dem Dämpfungs-
koeffizienten ß für Es: 0.7

2. Anregung sind Merrang der Ez'mrbwiflgsargmgs

a) Anregung

Der Einschwingvorgang läßt sich auf folgender Art anregen: Der
Brunnen wird zunächst gut abgedichtet. Bei kleinem Brunnenradius ge-
nügt z. B. ein einfacher Gummistopfen. Darauf wird Preßluft in den Brun-
nen eingelassen, bis sich der Wasserspiegel einige cm-dm unterhalb seines
ursprünglichen Niveaus eingestellt hat. Dieser Gleichgewichtszustand wird
ca. 0.5—1 Minute aufrecht erhalten. Dann wird die Abdichtung sprunghaft
entfernt und der Wasserspiegel stellt sich in einem mehr oder minder ge-
dämpften Einschwingungsvorgang auf seine Normallage ein.

b) Messung

Die Messung erfolgt am besten mit einer Druckdose. Messung mit
einem Schwimmer ist nur bedingt geeignet, da Schwierigkeiten mit der
Abdichtung auftreten.

Die für die vorliegenden Messungen verwendete Druckdose hängt
ca. 70 cm im Wasser und registriert über einen induktiven Geber das Ge-
wicht der Wassersäule über dem Aufhängepunkt. Dadurch kann auch das
Absinken des Wasserspiegels kontrolliert werden. Die Abb. 4 zeigt den
zeitlichen Verlauf der Wasserspiegeländerung.

Für verschiedene Brunnen ergibt sich je nach Dämpfung einer der
möglichen Einschwingvorgänge. Die Dauer des Einschwingvorgangs
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Abb. 4. Anregung und Einschwingvorgang. Wasserspiegel im Brunnen während
der IvIessung des Einschwingvorgangs

liegt in der Größenordnung von Minuten. Die Reproduzierbarkeit ist
sehr gut. Die Abweichung für verschiedene I‘v'fessungen beträgt ca. 0.5%.
Zu beachten ist:

Aus dem Verlauf des Einschwingvorgangs (oszillierend oder aperiou
disch gedämpft) kann nicht direkt auf die Durchlässigkeit des (3L ge-
schlossen werden. Der Dämpfungskoefliizient wird, wie oben gezeigt,
durch den Dämpfungsfaktor Czrä, - cow/T bestimmt. Starke Dämpfung
auch bei guter Durchlässigkeit kann z. B. auch durch einen großen Brun—
nenradius rw verursacht werden. Es empfiehlt sich daher, Brunnen mit
möglichst kleinem Radius zu benutzen, um einen oszillierenden Rin—
schwingungsvorgang zu erreichen. Aus ihm sind ß und raw schneller zu
ermitteln, als aus dem aperiodisch gedämpften Einschwingvorgang.

5. Bestimmung van ß und cow cm: dem Eierrbwieguürgeeg

a) Einschwingvorgang oszillierend

In diesem Fall gibt es zur Bestimmung der gesuchten Größen mehrere
Möglichkeiten.

Am zuverlässigsten bestimmt man ß und ww aus dem oszillierenden
Einschwingvorgang (ß <0.7) durch Frequenzanalysc. Hierbei können
eventuell vorhandene zusätzliche Resonanzmaxima, d. h. verschiedene
Grundwasserstockwerke, erfaßt werden. Dazu wird die Eigenschwingung
digitalisiert und einem Frequenzanalyseprogramm unterzogen. Ein solches
Programm ist 2.13. für die Telefunken TR 440 (GMD Darmstadt u— hier
benutzt) oder für die Univac U 1108 (Universität Frankfurt) vorhanden.
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Aus dem sich ergebenden Amplitudenspektrum kann der Verstärkungs—
faktor am Resonanzmaximum und daraus ß und die Resonanzperiode ab-
gelesen werden. Dieses Verfahren wird für die 4 Probebrunnen praktisch
erläutert.

O/me Freaaeazaaalyse läßt sich der Dämpfungskoeffizient aus dem Ver-
hältnis aufeinanderfolgender Amplituden oder aus der Überschwingweite
bestimmen. Die Eigenfrequenz kann aus der Frequenz des Einschwing-
vorgangs w’ berechnet werden. Es sei hierzu auf die einschlägige Literatur
verwiesen.

b) Aperiodisch gedämpfter Einschwingvorgang
Hierbei lassen sich ß und cow durch grafische Verfahren aus dem Ein-

schwingvorgang bestimmen. Verwiesen sei hierzu z. B. auf Gille, Pelegrin,
Decaulne, 1964.

In jedem Falle lassen sie/9 also die gesamten Parameter am dem Eimebmz'ag—
vorgaag bestimmen. Damit kann die Berechnung der Transmissivität durch—
geführt werden.

4. Bereebmmg der Trammz'sxz'vz'z‘a't

Dem gemessenen ß entsprechend wird aus Abb. 2 oder Tabelle 1
der Wert für C abgelesen. Sind Informationen über den Speicherkoelfi—
zienten2 vorhanden, wird C aus der zugehörigen Kurve bestimmt. Andern-
falls ergibt sich für C und damit für T nicht ein einzelner Wert, sondern ein
Bereich. Dieser Bereich liegt jedoch innerhalb der Streuung, die sich bei
der Auswertung von Pumpversuchen nach verschiedenen Methoden eben-
falls ergeben.

Aus C(ß) zu? - cow/T folgt mit bekanntem Brunnenradius rw und
cow sofort

T = r5, . („w/aß) <30)
Damit ist die Methode und ihre Auswertung beschrieben. An Hand

der Messung an 4 Probebrunnen soll diese Methode nun praktisch ange—
wendet werden und ihre Ergebnisse mit Pumpversuchsresultaten ver—
glichen werden.

5. Bestimme/72g der Trarzsmz'ryz'ez'z‘a'z‘ am dem Einrebwiagvergaag von 4 Probebrunnen

a) Beschreibung der Brunnen
Der Einschwingvorgang wurde für ca. 15 Brunnen gemessen. Es

wurden 4 Probebrunnen ausgewählt, da hierzu für 3 Brunnen Pump—

2 Der Speicherkoeffizient S liegt je nach Porosität und Mächtigkeit des GL
zwischen 10-3 und 10—5. Ein gebräuchlicher Wert ist 10—4.
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WASSERSPIEGEL

-233 wie ne—
————{:=~ZEIT

-53-. Br.81 Br.84 Br.51 Br.87

i; 1 min

Abb. 5. Eigenschwingung verschiedener Brunnen

versuchsergebnisse vorlagen. Der 4. Brunnen (W’allernhausen) war auf
seine seismischen Reaktionen intensiv untersucht worden, so daß hier
ebenfalls Vergleichsmöglichkeiten gegeben waren (Schenk und Krauss,
1972).

Die Probebrunnen liegen im Vogelsberg. Eine kurze Beschreibung
gibt Tabelle 2.

Die unterschiedlichen Eigenschwingungen dieser 4 Brunnen zeigt
Abb. 5. Für alle Brunnen ist der Einschwingvorgang oszillierend, so daß
eine Frequenzanalyse durchgeführt werden konnte. Die Amplituden-
spektren sind in Abb. 6 dargestellt.

b) Auswertung

Die Auswertung erfolgt nach Tabelle 3.
1 Zunächst wird der Verstärkungsfaktor QT bestimmt. Er ist das Ver-

hältnis der Maximalamplitude zur Amplitude des langperiodischen
Grenzwertes. Das Niveau der Amplitudenspektren spielt hierbei keine
Rolle. Es können mehrere Maxima auftreten (z. B. Abb. 6, Br. 87). Nach

ß :1/0.5 — 0.5 v'ïLQîë (31)

wird ß berechnet.
2 Bestimmung von (um nach Gleichung (32)

cow = w-r ‘ 13* = wir ' (1/V1ÏfiZ—B2) (32)

3 Aus dem Höhenfaktor H* kann die Druckhöhe H0 berechnet werden.
4 Der Brunnenradius an der Stelle —— Ho (Oberkante des GI.) wird bes

stimmt.
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Abb. 6. Amplitudenspektren verschiedener Brunnen-Eigenschwingungen

5 Aus Abb. 2 wird C (ß) abgelesen und die Transmissivität T berechnet.
Hier wurde C für den mittleren Speicherkoefiiaienten 5210-4 benutzt.

c) Diskussion der Ergebnisse

Der Vergleich der Transmissivitäten mit Pumpversuchsergebnissen
ergibt eine recht gute Übereinstimmung. Die aus der Eigenschwingung be—
rechneten Transmissivitäten liegen allerdings generell etwas zu hoch. Iis
kann nicht entschieden werden, ob diese Abweichung systematisch ist, oder
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nur durch die Klüftigkeit der untersuchten GL mit lokal höheren Durch-
lässigkeiten verursacht wird. Dazu sollte die Methode an Brunnen ge-
testet werden, die dem angenommenen Modell (homogener, isotroper
GL) besser entsprechen.

Zur Abschätzung der Durchlässigkeit scheint die Methode jedoch ge-
eignet.

Die berechneten Druckhöhen stimmen ebenfalls recht gut mit den an-
genommenen Druckhöhen für alle Brunnen überein.

6. Anmerkungen

a) Schichtdicke

Die Mächtigkeit des GL (Schichtdicke) wurde in die Ableitung der
Bewegungsgleichung des Systems nicht mit einbezogen. Das geschah aus
folgenden Gründen: Die Schichtdicke ist meist nicht bekannt, so daß eine
weitere Unbekannte in der Rechnung auftreten würde. Eine Einbeziehung
läßt sich in ihrer Wirkung außerdem recht gut abschätzen (Cooper et 41.,
1965). Die Eigenfrequenz wird nun nicht allein durch die Druckhöhe H0,
sondern durch eine effektive Säulenhöhe =(H0+ 3/8 Schichtdicke) be—
stimmt. Zur Berechnung der Transmissivität ist die Schichtdicke daher von
untergeordneter Bedeutung.

b) Speicherkoeffizient
Nach der vorliegenden Ableitung ist der Speicherkoeffizient aus dem

Einschwingvorgang nicht zu berechnen. Das Gleichungssystem für ‚ß
und cow ist unterbestimmt. Zwei bekannten Veränderlichen ‚8 und cow ent-
sprechen 3 Unbekannte: Druckhöhe H0, Transmissivität T und Speicher-
koeflizient S. Da die Kenntnis der Druckhöhe, und damit der Tiefe des
GL, hydrologisch interessanter erschien, wurde S als fester Parameter in
die Berechnungen eingesetzt. Wie oben gezeigt, ist die Abhängigkeit vom
Speicherkoeffizienten ohnehin gering.

c) Erfaßter Radius

Berechnungen der Absenkung I] (r, 2‘) für verschiedene Abstände r er-
geben, daß der mit dieser Methode erfaßte Radius um den Brunnen je nach
Durchlässigkeit in der Größenordnung von 50—100 m liegt. Für recht
homogene GL müßte dieser Bereich zur Bestimmung von T ausreichen.
Bei inhomogenem GL könnte die Messung an mehreren Stellen wiederholt
werden. Der Mittelwert dieser Messungen gibt hier die Gebietsdurchlässig—
keit.

d) Stark klüftige Grundwasserleiter
Für stark klüftige GL (Kluftdurchmesser größer cm) ist die Methode

nicht geeignet. Um die Ableitung auf diesen Fall auszudehnen, müssen die
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Trägheitskräfte im GL und turbulenter Fluß berücksichtigt werden. Das
führt auf mathematisch schwer zu behandelnde nichtlineare Gleichungen.
(Bodvarsson, 1970).

Eine Messung der Durchlässigkeit in stark klüftigen GL mit Hilfe des
Einschwingvorgangs liefert nur ein Maß für die Kluftdurchlässigkeit in
der Umgebung des Brunnens. Diese kann sehr viel größer als die Gebiets-
durchlässigkeit sein.

Ich möchte allen danken, die die Durchführung dieser Untersuchung ermög-
licht haben.

Insbesondere danke ich Herrn Dr. E. Schenk, dem Leiter der Geologischen
Forschungsstelle des ZOV und Herrn Prof. Dr. H. Berckhemer, Universität
Frankfurt/Main.

Herrn Prof. Dr. F. W. Bauer bin ich für seine Unterstützung bei der Behand-
lung der mathematischen Probleme Zu Dank verpflichtet. Für die Hilfe bei der
numerischen Berechnung und der Programmierung danke ich Frau Dr. G. Stoll,
GMD, Darmstadt. ‘

Die Deutsche Forschungsgemeinschaft ermöglichte durch großzügige
finanzielle Unterstützung die vorliegende Untersuchung. Ihr sei ebenfalls gedankt.
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Symposium on ”Geomagnetic Anomalies,
Rook Magnetism and Petrograpby“

Preface

Geomagnetic anomalies produced by magnetic rocks in the earth’s
crust are observed almost everywhere. The petrographic composition
of these rocks, however, is clearly known only in those cases where
they are exposed at the surface or encountered in a drillhole. Con-
sequently, for completely hidden magnetized bodies we can in many
cases only state that they must contain minerals of the magnetite-
maghemite spinel group or pyrrhotite. Much is lacking between this
statement and a petrographic description of the rock. It was the aim
of the “Symposium on Geomagnetic Anomalies, Rock Magnetism
and Petrography” to reduce this gap. The symposium was held at the
Second Scientific Assembly of the International Association of
Geomagnetism and Aeronomy, Kyoto, September 1973. The pro-
gram committee consisted of A. Hahn, (convener), C.M.Carmichael,
T.N. Simonenko. Many of the papers from the symposium make up
this volume.

According to the complexity of this interdisciplinary problem the
papers cover a broad range. In this volume they are organized under
the headings
1. Surveys and Survey Interpretations
2. Aspects of Rock Magnetism-General
3. Aspects of Rock Magnetism — Oceanic Material
4. Correlation with Petrography.

A. Hahn
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J. Geophys. 40, 403—430, 1974

7. Surveys am! Surrey Interpretation

Long-Wavelength Aeromagnetic Anomalies
and Deep Crustal Magnetization

in Manitoba and Northwestern Ontario, Canada*
D. H. Hall

Geophysics Section, Department of Earth Sciences,
University of Manitoba, Winnipeg, Canada

Received March 12, 1974; Revised Version May 22, 1974

Abetraet. A new type of aeromagnetic anomaly map (a long-wavelength anom-
aly map with anomaly widths in the range 60 km. < Â <4000 km) is presented
for the area. It is believed that this group of anomalies represents a physically
distinct field. This field shows considerable correlation with the broad features of
deep crustal structure as derived from seismic sounding; linear relationships were
found between the field and depths to the bottom of the crust and to the boundary
between the upper and the lower crustal layers, as well as to the thickness of the
lower crustal layer. A theoretical relationship connecting structure on magnetized
layers to magnetic anomalies is given showing that the linear relationships are to
be expected. It is shown that the lower crustal layer is the most likely source of
the anomalies, with an intensity of magnetization of 5.3 X 10‘3 emu/cc. It is also
indicated that the upper crustal layer could also be the source, but that a shallow
plate of magnetization could not explain the anomalies. Thus deep crustal magneti-
zation must (on all interpretations made in the present paper), be responsible for
the long-wavelength anomalies. Also, these anomalies are strongly related to
major features in surface geology.

Key words: Long-Wavelength Aeromagnetic Anomalies —— Deep Crustal Mag-
netization —— Canadian Shield.

Note

In order to facilitate comparison with existing publications on magnet-
izations of rocks and with existing magnetic anomaly maps, e.m. units are
used for magnetization, and gammas for field strengths.

(1 gamma = 1 nanotesla, and ISIU = 4nIemu)

* Paper presented at IAGA second scientific conference, Kyoto, September
1973.

Paper No. 3, Centre for Precambrian Studies, University of Manitoba.
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Fig. 1. Crustal section no. 4 (Fig. 3), with regional anomaly field along the
corresponding line on Fig. 1 (1 gamma -=r1 nanotesla)

Introduction

Regional Magnetic Anomalies
Compilation maps of aeromagnetic anomalies in the wavelength (anom—

aly width) band Â > 20 km. have proven to be of value in studies of magnetic
units lying in the upper layer of the earth’s crust, to depths of approxi-
mately 20 km. In northwestern Ontario and Manitoba, such maps have been
constructed and interpreted by Bhattacharyya and Morley (1965), by Hall
(1968 a), by McGrath and Hall (1969), by Hall (1971), and by Coles (1973).

DISPLACEMENT OF THE RIEL
' DISCONTINUITY AS INDICATED

BY DETAILED SURVEY
HIGH CLOSURES

m LOW CLOSURES

____ DEPTH T0 RIEL uncommon?——-—-=° IN KM.
2 CROSS SECTIONS SHOWN

IN OTHER FIGURES
DEPTHS FROM REFRAOTIONS
DEPTHS FROM REFLECTIONS

Fig.2 Depth to Riel discontinuity O 40 BO 120 I60kilome’rres
m(boundary between upper and

lower crustal layers) (from Hall .
and Hajnal,1973) O 20 4O 60 80 IÜO miles
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406 D. H. Hall

A similar map has been prepared for the British Isles (Hall and Dagley,
1970). The first three of the references mentioned above represent succes-
sive stages in the preparation of a map of aeromagnetic anomalies in the
band Â 3:20 km. for the area. This map has recently been updated and is to
be published by the Manitoba Mines Branch as a map (Hall, McGrath and
Richards, 1974). This map, as indicated by its wavelength band, portrays
a filtered (or smoothed) compilation of aeromagnetic maps with anomalies
of width less than 20 km. removed by the filtering process. In the aforee
mentioned publications, these maps are referred to as ”regional anomaly
maps”.

The most prominent features seen on visual examination of the regional
anomaly maps are anomalies and anomaly trends with widths measuring
some tens of kilometers. In addition, however, somewhat larger areas with
general levels of magnetic field differing one from the other can be seen on
them. The Ontario-Manitoba maps quoted above are examples. The anom—
alies and anomaly trends group themselves into alternating belts of high
and low field. crossing the area. Wilson (1971) noted these groupings and
attributed them to the affects of a system of crustal blocks, which differ in
magnetic properties. The individual smaller wavelength anomalies deter-
mine the general character of the map while the grouping into belts is
present as a more subtle effect. The question arises as to the possibility that
the latter represents a physically distinct field of longer wavelength under—
lying the high-amplitude, narrow anomalies. Such underlying long—wave—
length fields have been mapped in various parts of the world. Zietz er .521.
(1970) found that a field in the band 200 km <2. 3>2000 km lies over the
United States. Regan (1974) has extended this work on a worldwide basis.

MOHOROVICIC DISCONTINUITY
. REFLECTION
- REFRACTION

Ê Low crosusss
DEPTH TO MOHOROVICIC
DISOONTINUITY IN KM.
CROSS SECTIONS SHOWN

#2 ON OTHER FIGURES

fana-F;

O 40 80 120 IGOkilomstrss
_::—:1Fig. 3 Depth to Mohorovicic dis-

continuity (from Hall and Hajnal,
1973) O 2O 4O 60 80 IÜO miles
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408 D. H. Hall

Possible Long-Wave Length Components DE Regional
Anomaly Maps in Manitoba and Northwestern Ontario

Crustal seismic surveys have indicated a two—layer structure for the
earth’s crust in these areas. The upper layer bottoms at a seismic disconti—
nuity which has been named locally “the Riel discontinuity”. Maps DE the
Riel (R) and Mohorovicic (M) discontinuities have been published, cover-
ing a strip 1000 km long and 300 km wide in Manitoba and northwestern
Ontario (Hall and Hajnal, 1973). These maps are reproduced in the present
paper in Figs. 2 and 3. During comparison DE these maps with other geo—
physical data certain long-wavelength components (2.35100 km) were
distinguished underlying the regional magnetic anomaly field. These
components appeared to be correlated with structural features DE the R
and M discontinuities. It was suggested that the thicknesses DE the crustal
layers are somehow related to these long-wavelength anomalies (Hall and
Hajnal, 1973, p. 903, and Fig. 1, this paper). Attempts were therefore
made to extract the long-wavelength components from the regional anom—
aly maps and to follow up the suggestion that the}.r might be somehow
connected with crustal structure. The present paper gives the results DE
these studies.

The Lang— Wavelmgtb Amara/:3; Map

Choice DE Cutoff wavelength
The anomaly map in the present paper has a cutoff wavelength DE 60 km.

This value was chosen for two reasons. First, the shortest wavelength
anomalies from the Riel and Mohorovicic discontinuities for a layered

\
CONTOURS OF LOWER CRUSTfi‘aL

m LAYER THlC-KNESS IN KM.

AREAS OF LOCAL MINIMA
IN THICKNESS

„.3... AREAS OF LOCAL MflXIMA
. àIN THICKNESS

O 40 80 I20 ISO kilometres
m

Fig. 4 Thickness oflower crustal O 20 4O 60 80 [)0 mileslayer m
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410 D. I-I. Hall

magnetic model might reasonably be expected to be due to fault displace-
ments. On calculation, such structures would yield wavelengths in the
50—60 km range. The map then represents a bandpass which would con-
tain the physically distinct field due to layer-like crustal magnetization, if it
exists. Secondly, existing data (at 3-km spacing) decimated to give a grid
of data points with 9 km. spacing yields, on filtering with the operator
developed by McGrath and Hall (1969), a cutoff" wavelength of 60 km.
This cutoff, then, is physically realistic and was computationally simple to
obtain given the data and the computational methods available. Removal
of the core—generated fields yields a bandpass of 60 km a: Â <1 4000 km. The
core—generated fields were approximated by fitting a second-order surface
(over the area of Fig. 5) to the Dominion Observatories Branch (1965) map
of total field, and subtracting this best—fit field from the smoothed data.

Inferpraïaz‘z’arz of Lang—lVevalmgtb Anomalie:

It is an observed fact (evident from visual comparison of Figs. 2, 3,
4 and 5) that the long-wavelength anomalies exhibit a close correlation
with deep crustal structure as derived from seismic surveys. One possi-
bility suggested by this fact is that the magnetic sources for this field lie
deep within the crust, with their distribution controlled by broad crustal
structure. Two extreme models for such deep magnetization can be con-
structed. The first consists of uniformly magnetized layers bounded by the
R or the M discontinuity (or both). The second consists of lateral inhomo—
geneities in magnetization within either of the crustal layers, or below the

LONG '— WAVELENGTH REGIONAL ANOMALIES

f LONG WAVELENGTH REGIONAL ANOMAL‘I’
,..._.u° FIELD ABOVE BASE LEVEL 60.000 GAMMA
ŒD ANOMALY Lows

' ANOMALY HIGHS

Fig. 5 Long-wavelength
magnetic anomaly field (60
km < l 4: 4000 km) in gam~
mas above a best-fit second 0 40 80 '20 '60 kilometres
order surface to the core- —::-:::I.
generated field. (1 gamma 0 20 4O 60 80 IOO miles= 1 nanotesla ) m

——)»
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412 D. H. Hall

crust. Such lateral inhomogeneities could also, in many cases, match the
broad dimensions of crustal structure because of the following consider~
ations.

As shown in Fig. 6, the long—wavelength anomaly map and the seismic
interfaces can be divided into a number of zones. These zones, furthermore,
marl; out definite geological units as mapped at the surface. The deep
crustal structure is clearly reflected in surface geology. This relationship is
convincingly discussed by Wilson (1971), in proposing a block structure for
the Superior province of the Canadian Shield. Thus even though the seismic
boundaries of Figs. 2 and 3 are continuous over the whole area, the crustal
layers bounded by them could have quite different compositions in different
parts DE the area, corresponding to the system DE geological units mentioned
above. ÏE this is so, and if the various compositions affect magnetization
markedly, then there would be lateral inhomogeneities in magnetization,
with wavelengths comparable to those of crustal structures. These lateral
inhomogeneities, even if the magneticunits corresponding to them extended
to a uniform depth, could then cause anomalies having similar widths to
those of structures on crustal interfaces. The corresponding anomalies
would be very difficult to separate from those due to boundaries of uniforms
ly magnetized layers. Further complications could occur if lateral inhomofl
geneities and undulating boondaries both acted to determine the anomalies.

Situations of this type are, DE course, often met with in anomaly inter—
pretation as part of the “ambiguity problem”. The most an interpreter can
do, in the absence of additional information, is to bear ambiguity in mind
and begin exploring the implications of the various possible models.

There is one further implication DE the connection between deep crustal
structure and regional geology at the surface which should be mentioned.
Thin plates of magnetization near the surface, controlled in width by deep
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Table 1

Zone FOI) M(km) R(km) LL(km) t(km)

I 425 38 13 25 18 Kenora Block“

IIa O 32 21 11 1 _ ‚
IIb _200 31 22 9 ___ 2

} EngllSh Rlver BlOCka'

III 250 34 18 16 7 Red Lake Blocka

IV 125 30 18 12 3 Area of uniform
crustal structure

Va 200 33 18 15 6 Structure in the vicinity
Vb 10 34 20 14 4 of the Nelson River
Vc 6O 31 15 16 8 (Thompson) lineament
Vd 250 34 18 16 7 Area to north and west

of the Nelson River
(Thompson) lineament

VI 150 31 — — —
S _ l

VII 500 40 _ _ __ pec1a areas
.

VIII 200 43 27 16 3 West-central Hudson Bay

a Fault blocks of the western Superior Province as defined by Wilson (1971,
p. 41). These are components of a proposed aulacogen structure (Hall and Hainal,
1909, 1973). The “lower layer parameter” is given by t:M —— 1.5R for the area
under study.

crustal structure, could conceivably cause long-wavelength anomalies, with-
out requiring deep magnetization at all. Tests of this suggestion will be
the subject of a later section.

Let us now begin to examine the suggested models. Leaving the sug-
gestion of a near-surface plate of magnetization aside for the moment, let
us compare the two extreme models of deep crustal magnetization: uni-
formly magnetized crustal layers, and lateral inhomogeneities. Both imply
deep crustal magnetization, but the manner of its occurrence is very different
in the two cases, with different implications in each for crustal evolution.
Therefore, it is important to evaluate them both. Let us begin with the
model suggesting uniformly magnetized crustal layers.

A Method of Comparing Crustal Structure and
Long-Wavelength Anomalies

Comparison among Figs. 2, 3, 4, and 5 indicate 12 zones (shown on
Fig. 6), in each of which crustal structure and magnetic field are relatively
uniform, and significantly different from the corresponding quantities in
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neighbouring zones. In Table 1 the average values of field (P), total crustal
thickness (M), upper—layer thickness (R), and loweralayer thickness (LL)
for these zones are summarized. For the area covered by all of these data
(comprising zones I to V) the values in Table 1 were obtained by simple
averaging over the zones. Zones VI and VII are special areas, over which the
long-wavelength anomaly data extend, but for which coverage with detailed
crustal seismic surveys is not available. Data on crustal thickness are, how-
ever, available for these two zones from a line of data recorded by Mereu
and Hunter (1969) (and compiled and compared with Figs. 2 and 3 by Hall
(197'1, p. 84)), and provide the values given in Table 1. Zone VIII covers a
portion of west-central Hudson Bay. Magnetic data are taken from Fig. 5,
as well as from the Aeromagnetic Map of Canada (Morley and MacLaren,
1967). Seismic information is taken from the papers of Hajnal (1968) and
Hall (1968 13). These zones for the most part represent geologically distinct
features, the significance of which will be discussed in a later section.

Let us now examine these figures to see if they give any indications as to
whether the model under examination in the present section (uniformly
magnetized layers with intensity contrasts along or conformable with the
crustal seismic discontinuities) applies in the area. An interesting relation—
ship among F, LL, R and M emerges when plots of F against the others
(as shown in Figs. 7, 8, 9 and 10) are made. The circles represent a reasonable
estimate of uncertainty in the parameters plotted. Considering that a certain
amount of scatter may be expected due to the influence of intensity inhomo-
geneities, which almost certainly exist within the crust, it is not unreasonable
to suggest that linear relationships hold in these three figures. Regardless
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of what interpretations we finally make of them, these linear relationships
may be regarded as an observational fact. It is shown elsewhere (Hall,
1974) that such linear relationships are to be expected for the model under
consideration.
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Distributions of Magnetization Consistent with the
Layered Mode]

If the R and all discontinuities are boundaries of magnetic zones, then
a number of possible configurations might exist, as shown on Fig. 11.
These may be summarized as follows.

(1) magnetization lying in the upper crustal layer between some horizon
and the Jediseontinuity, with magnetization absent (or relatively weak)
in the lower crustal layer and upper mantle;

(2) magnetization extending downwards from the R—discontinuity, to
a horizon at some level below (in the lower crust or the upper mantle),
with magnetization absent (or relatively) weak in the upper crustal layers;

(3) magnetization extending downwards from a horizon at some level,
to the def—discontinuity magnetization is absent (or relatively-r weale) below;

(4) magnetization extending from the ill-discontinuity down to a hori-
zon somewhere in the upper mantle. Magnetization is absent (or relatively
wealt) in the crust;

(5) magnetization extending through the lower crustal layer, and
(6) any of the above cases, but with boundaries of the magnetic zones

conformable with the seismic discontinuities rather than coinciding with
them.

Amber: cf the Linear Plan

It may be shown (Hall, 1974) that for these configurations, I: (the field
strength) is proportional to either a (depth to Riel), Z (depth to Mühe) or
a quantity r if the field is caused by a uniformly magnetized lower layer.
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magnetized zone; 4 is for a magnetic lower crustal layer

The quantity r is called “the lower layer parameter” and is given by if z: Z —
1.5.3 in the area under study. The slopes of the plots of ‚F versus these
quantities yield values of the corresponding intensities of magnetization.

Isostatic Case

A possible difficulty arises in using the plots of Figs. 8, 9 and 10 to dis-
tinguish the cases outlined in the previous section. If the depths to the R
and M discontinuities are everywhere in the area under study related linearly
(as would occur for areas related by any one isostatic system (Fig. 13) and
if any one of the cases holds, involving control of magnetization by depth
to the Riel, or to the Moho or by lower-layer thickness (leading to a linear
plot of F versus the appropriate depth or thickness parameter), the plots
for the other parameter would also be linear. This circumstance might make
it difficult to use these plots to distinguish among the possible cases.

For hydrostatic equilibrium of crust in mantle, given any one isostatic
system, we have:

z=——(1‘L‘_EE)Z+C (1)
erg—~01
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Where z and Z are depth to Riel and Moho respectively, and C is a constant
depending on the densities and the depth of compensation. This equation
may be derived for a simple Airy—Heiskanen isostatic model (Fig. 14).
Furthermore, in the case where a =AV+ B (Birch, 1961, p. 302), with A
and B constant over the area, an — am =A(Vn ——Vm). Hence seismic
velocities can be used directly in Eq. (1) to determine the multipliers of Z,
leading to what has been called the seismic-isostatic method in crustal
studies (Hall, 1968b). The velocity values given by Hall and Hajnal (1969,
1973) (all with standard deviations of 0.05 km/sec) give:

z —_— (—1.35 i 0.30) 2+ C (2)
Brown (1968) found these values applicable in detailed studies of isostasy,
applying the seismic-isostatic method in conjunction with studies of gravity
anomalies over the three southern-most blocks of Fig. 6.

Over an area where the density model down to the level at which com-
pensation takes place, and the depth of compensation, remain constant, a
plot of z versus Z forms a single straight line. If any of these conditions
differ in an adjacent area, a different line will relate z to Z for that area. Thus
these two depths are related in general by families of lines, as shown in
Fig. 13. Each line will be referred to as related to a particular “isostatic
system”.

It is evident that in any isostatic system, z and Z will be proportional.
Then if F is related to any one of z, Z, or 1‘ by a linear relationship, a plot
of F against any other of these quantities will also be linear. Thus plots of
F against these depth or thickness parameters would not distinguish one
case from another, given a single isostatic system.

Isostatic Systems in the Area

Let us examine isostasy in the area to see if these problems might be
encountered in our analysis. In Fig. 12, Riel depth is plotted against Moho
depth. It is evident that a single isostatic system holds, by and large, in the
area. At first sight this fact would indicate that it will be impossible to use
the linear plots to distinguish among the various models considered (Fig.
11). However, Fig. 12 shows some interesting deviations from the system
which is obviously dominant over much of the area. These anomalous cases
are of importance in evaluating possible magnetic models.

Possible Discrimination between Magnetic Models
Regions IV, Vc and VIII are with the main group of points in Fig. 12

Thus for these three points, the equivalence of the models in Fig. 11 does
not hold. If their points in any of Figs. 8, 9, or 10 lies closer to the main
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line than in the remaining two plots, then this circumstance can be taken
as evidence for favouring the type of magnetization represented by that
particular plot. Before we proceed to the selection of our preferred model,
let us examine the intensities of magnetization within the crust implied by
the various cases represented on Fig. 11. These values are 7.7 X10—3
emu/cm3 (case 1), 16.6 >< 10—3 emu/cm3 (case 2), and 5.4 X 10—3 emu/cm3
(case 4), as derived from the slopes of the plots in Figs. 8, 9, and 10. We
should note that the values of these slopes conform within the limits of
error given, to the interrelationships given in Eqs. (1) and (2). Thus, as
would be expected from Fig. 12, the field versus depth plots are, in their
slopes at least, isostatically interrelated.

Selection of Mode]

Interpretation of Derived Intensities of Magnetization

The method of interpretation used does not require that magnetization
be continuously distributed laterally in the layers considered. Linear field
versus depth plots would still be possible, as long as a significant portion
of each zone of Fig. 6 was underlain by magnetization in the layer under
consideration. The linear plot would imply that the intensities of magneti-
zation are roughly the same in all the magnetized portions of the layer and
the value of the intensity derived from the slope of the line would be an
average of the intensities of these magnetizations.

The derived intensities are 7.7 >< 10—3, 16.6 >< 10—3 and 5.4 >< 10"3
emu/cm3, depending on whether the M discontinuity, the R discontinuity
or the lower—layer thickness are taken as controlling the long-wavelength
anomaly field. If we exclude any special conditions at depth acting to en-
hance the intensity (such as the Hopkinson effect) and consider intensities
of magnetization measured for surface samples as a reliable guide, the
figures quoted above leave only the last of the three of them as an acceptable
possibility. This conclusion follows from what is known about the inten-
sities of magnetization of igneous rocks (of which the crustal layers are
most likely largely composed). From intensities as measured on samples, it
appears that (excluding very young volcanic rocks) the largest value of j
(the sum of induced and remanent intensity) for rocks common enough
to be spread over large areas is for basalts. Typical values of j for ocean—
floor basalts are in the range 3—5 >< 10—3 emu/cc. Granitic rocks average
one order of magnitude less. Nagata (1961, p. 313) cites values for] for
the “granitic” and “basaltic” crustal layers for a locality in Japan as 1 X 10’3
and 5 x10‘3 emu/cm3 respectively as determined from magnetic anom-
alies.
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Recent volcanoes and flows provide interesting results. Averages of j
over a whole volcano or system of flows are found up to 50 >< 10‘3 emu/cm3
(Malahoff, 1969, p. 446). However, the bulk of this magnetization is due to
remanence (TRM). This type of magnetization decays with time. If the
relaxation time and law of decay suggested by Nagata (1961, p. 155) holds,
assuming a Q of 10 (a reasonable value for young volcanic rocks), j would
be reduced to below 5 >< 10“3 emu/cm3 after 109 years. Thus, even if the
precambrian crust had originally been built up to a large extent by volcanic
processes, incorporating in it rocks with j’s typical of today’s young vol-
canoes and flows, we would expect these intensities to have dropped to the
lower values typical of (say) ocean floor basalts.

Discussion of the Particular Models

a) Riel Discontinniz‘y Alone Controlling the Ano/nalies. If the magnetization
were to be above the discontinuity, it would have to be reverse magneti-
zation. The required value (7.7 >< 10—3 emu/cm3) would be possible in pre-
cambrian rocks only under exceptional circumstances. Reverse magneti-
zation would require a remanent intensity higher thanj. The largest values
of j reported for magnetic units at depth in the upper crust in the area are
about 4 X10—3 emu/cm3 (Hall, 1968a, p. 1286); also, this magnetization
lies in concentrations of limited extent (for example, 30 km wide and 5 km
deep, as beneath the Aulneau dome). Surface sampling in the area similarly
indicates that values as high as 7.7 ><10‘3 emu/cm3 are not encountered
over wide areas (Hall, 1968a; Coles, 1973). As regards direction of magneti-
zation, predominantly normal magnetization is suggested for the upper
crust (Hall, 1968 a) from the interpretation of regional magnetic anomalies,
as well as from measurements of remanent magnetization of surface samples
(Coles, 1973). Magnetization below the discontinuity would be normal in
direction, and remanent and induced intensity of magnetization could be
as low as 3.35 X 10“3 emu/cm3 (forQ =1). The value 7.7 X 10—3 emu/cm3
for j is still somewhat higher than values encountered previously in the
interpretation of regional magnetic anomalies.

b) Molyorow'cz'c Discontinzn'ty Alone Controlling l/Je Anomalies. This case
appears to be rules out on all reasonable grounds, because of the large
intensity (16.6 >< 10‘3 emu/cm3) required.

e) Magnetizea’ Lower Layer. This case suggests reasonable intensity val—
ues; also, it is pointed to as a possible case by a number of other circum—
stances. First of all, the three points for regions IV, Vc and VIII (which lie
off the main Manitoba isostatic model in Fig. 12, and therefore are possible
discriminating points in the selection of models) lie closer to the best—fit
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line in Fig. 10 than they do in Figs. 8 or 9. This circumstance points to the
lower-layer model as the best of the three discussed in the present section.
Consequently this model was tested further as described in the section below.

Fart/yer Tart: of tbe Lower-Layer Mode]

Coles (1973) has developed a computer programme (Block) to calculate
the field over a system of magnetized blocks, each of which can be assigned
values for intensity and direction of magnetization. This programme was
used as a further test of our model. The lower crustal layer over the area
under study was divided into 70 blocks, each extending vertically through
the layer, using depths as given by Figs. 2 and 3. Intensity of magnetization
was taken as 5 X 10‘3 emu/cm3 and direction of magnetization as parallel
to the geomagnetic field. This choice of direction was based on the fact that
in earlier deep crustal interpretations (Hall, 1968a, p. 1286 and 1292),
near-normal directions of magnetization were found. Subsequently pub-
lished results of measurements of remanent magnetization of surface rocks
in the area (Coles, 1973) support this choice. Contours of the field calculated
using Block are shown in Fig. 15. In comparison with Fig. 5 (the long
wavelength anomaly map) it can be seen that in general there is good
agreement. Some difference in detail is to be expected as the result of
lateral inhomogeneities at all levels in the crust. The most serious disagree-
ment occurs at the Bloodvein anomaly, marked as an “anomalous zone”
on Fig. 6. The nature of this zone merits a separate discussion.

The Bloodvein Anomaly

This anomaly raises two problems. Either it represents a trend in crustal
structure which is not correctly represented by the seismic surveys, or it
represents a major inhomogeneity above or below the interface between
the crustal layers. Application of Hall’s (1968c) method of fitting a sloping
step to anomaly curves strongly favours a distribution of magnetization
ying in the upper crustal layer, for the Bloodvein anomaly. This inter-
pretation would suggest that the long—wavelength anomaly field is not
inconsistent with the seismic discontinuities in this locality.

Apart from the reasonable exception of the Bloodvein anomaly, the
block-modelling of the lower crust shows the lower-layer interpretation to
be an adequate representation of the observed field.

Interpretation in the Frequency Domain

Interpretations of power spectrum versus frequency (Coles, 1973) also
show that crustal sources are consistent with the observed data.
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Extension beyond the Area of Mapped Riel and Moho

The set of depth-field plots allows extension of our interpretations to
several areas beyond that covered by our maps of the R and M discon-
tinuities. A line of recordings of explosions in Lake Superior (during pro—
ject Early Rise) was run to the north and east of the area by Mereu and
Hunter (1969), who interpreted depths to the M-discontinuity from them.
These results were compiled with the Manitoba results and with the results
of crustal seismic surveys in Hudson Bay by Hall (1971).

Area VI (Table 1 and Fig. 6) lies over Mereu and Hunter’s (1969)
traverse. Average field and depth to M are known for the area, and are
plotted on Fig. 9. Area VI, as can be seen, fits the plot reasonably well.
If the layered model can be extended to this area, with the main conclusion
of our analysis that magnetization in the lower crustal layer is most likely
if the model holds, then we can draw the following conclusion. (1) The
area is part of the main Manitoba isostatic system (otherwise, given lower-
layer magnetization, there would be no agreement with Fig. 9); (2) The R-
discontinuity is present, and its depth is in the 17—19 km range (as is seen
by comparing the average field (150 y) for the area with Fig. 8). If the above
calculations and conclusions prove to be correct, we have the basis of a
”zagizez‘z'c-z'rosz‘az‘ic met/70d of studying crustal structure.

Area Vd is one of particular interest since it lies almost certainly in the
Churchill province of the Canadian Shield. Its position can be viewed as
being north of: a broad and complex zone separating the Superior and Chur-
chill provinces. Mereu and Hunter’s (1969) traverse crosses this area, in—
dicating beneath the traverse a section of considerable thickness (40 km).
The area is marked by having field values ranging up to 800 y (no other
area has values in excess of 400 y). The values of F and depth to M from
Table 1 for Area Vd, fit Fig. 9 acceptably. Like Area VI, this area must be
part of the main Manitoba isostatic system, and the R-discontinuity must
be present. In this case, its depth would be in the 10—12 km range. We
might conclude further that the whole of area Vd is underlain by a relatively
thick crust.

Another area of interest is the portion of Fig. 5 north of 59° latitude
(marked as Area VII on Fig. 6), where the field drops to a relatively low
average value, 200 y. It was indicated in earlier crustal studies of the
region (Hall, 1968b, p. 358), that the crustal model of region VIII (the

(—

Fig. 15. Component of magnetic field parallel to the geomagnetic field, calculated
by programme Block modelling lower crustal layer, assuming uniform magneti—
zation of 5 >< 10“3 ernu/crn3‚ parallel to earth’s field. Field values are in gammas

(1 gamma = 1 nanotesla; ISI =47zIEMU)
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western portion of Hudson Bay) extends into the area. The field value of
200 y, agreeing as it does with that for area VIII, is consistent with this
hypothesis. This area lies over an important structural element of the Chur—
chill geological province, the Wollaston Lake fold belt (see e. g. Davidson,
1972, p. 388). Our geophysical analysis indicates this structure as being
characterized by a relatively thick crust, a relatively thin lower layer and a
moderate to low long-wavelength magnetic anomaly field.

These additional cases add strength to the hypothesis of lower—layer
magnetization, since they exhibit markedly different conditions all conform—
ing with one aspect or another of the layered model.

Lateral Inhomogeneiz‘z'es

The alternative remains that some or even all of the features on Fig. 5
could be explained by lateral concentrations of magnetization. These could
be relatively thin near—surface plates, or concentrations at greater depths
within the crust. Let us examine some possible cases.

Deep Distributions

It is of considerable importance to examine lateral concentrations of
magnetization as possible explanations of the field difference between Areas
Ib and IIb. This point is critical because the points for Areas I and 11b are
key ones in establishing the linearity of the plots in Figs. 7—10.

All indications point to near-normal magnetization in the crust in the
area. This case was, therefore, investigated by examining the effect of a
block of magnetization lying beneath the large anomaly with 600 y peak
(Fig. 5), in Area Ib, contrasted with no magnetization anywhere beneath
Area IIb. The amplitude of the anomaly could be reproduced by a block
extending vertically through the upper crust, with intensity of magneti-
zation equal to 3 X 10'"3 emu/cm3. Or, it could be reproduced by a block
extending downwards through the lower crust, with an intensity of 5 >< 10—3
emu/cm3. On the basis of the required intensity values, both possibilities
are reasonable. However, the block in the lower crust reproduces the
anomaly shape better than does the one for the upper crust. It is in fact the
best-fit block. Thus a deep crustal distribution is a reasonable one as an
explanation of the anomaly, with the result pointing towards a lower-
crustal source. This latter model (lower—crustal block) would in fact fit
the long—wavelength anomaly field reasonably well. Thus, if lower-crustal
magnetization is present, it could be either continuously or discontinuously
distributed laterally in the layer. An argument in favour of an upper-crustal
source might be the fact that a lower intensity is required, although the
required intensity in the lower layer is not unreasonable for basalt.
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Thin Near Surface Plate

If a relatively thin near-surface block is considered as the source of the
anomaly in zone Ib, it is found that an intensity of 6 X10—3 emu/cm3 is
required for a thickness of 5 km. Thus an exclusively near-surface source
of the anomaly appears to be unlikely because of the high values of intensity
required. A similar argument applies to zone Vb.

Final Choice of Magnetic Model

It would appear that there is a good case for the hypothesis that over the
area treated, there is widespread deep crustal magnetization giving rise to
the long-wavelength anomaly field. The most likely location of this magnet—
ization is in the lower crustal layer, although the interpretations made to
date leave also the upper crust as a possible location for it. The inferred
intensity of magnetization lies within common ranges found for basalts,
other than the very youngest. There is a rather interesting connection
between these results, deduced from the long-wavelength anomalies, and
previous results (Hall, 1968a) from intermediate-wavelength anomalies.
In the latter case, zones of magnetization, some tens of kilometers across,
and of vertical dimensions extending from an average of 7 km below the
surface to an average of 17 km depth were found. These zones appear to lie
beneath granitic plutons, common in the area. The magnetic zones at depth
beneath these granitic areas have an intensity of magnetization averaging
3 ><10-3 emu/cc. These zones may represent lower-layer material rising
behind the granite plutons during their emplacement (or the residue in a
differentiation process), or simply a physical zoning, where upwelling heat
favoured the generation of magnetic minerals. Thus these zones in the
upper crustal layer would appear to be in some way connected with the
lower layer. These relationships are sketched in Fig. 16.

In an earlier interpretation Hall (1968 a) examined the evidence offered
by the data then available on the presence or absence of lower-layer magneti-
zation. He suggested that, although a definite conclusions was not yet.
possible, that it appeared that lower-layer magnetization was absent. It is
now clear, after considerable extension of the coverage, that the initial area
was not suited to revealing the deeper magnetization, and that the subse—
quent coverage suggests this deeper component.

Cocclusion:

In the present paper, a new type of magnetic anomaly map for Mani-
toba and northwestern Ontario (filtered aeromagnetic anomalies in the
range of anomaly width 60 km</l<4000 km) is presented. This map
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and results of the present paper

shows close correlation with deep crustal structure as mapped by seismic
sounding. This correlation takes the form of straight—line relationships
between the field and the following}r quantities: depth to boundary between
upper and lower crustal layers: total thickness of crust, and thickness of
lower crustal layers. The plausibility of lateral inhomogeneities being the
cause of the anomalies was also investigated, using black models. In addi-
tion, the eFfect of isostatic compensation on results derived from crustal
layering was considered. The following conclusions emerged.

(1) Most of the areas within the region fall within a single isostatic
system. Three regions do not. If all regions fall within one system, it is im—
possible to discriminate among the three possibilities for layered models
mentioned above. If some regions do not, discrimination is possible.

(2) There are anomalous regions, however, and these point to the lower
crustal layer as the most probable seat of the origin of the long—wavelength
anomaly field. The required intensity of magnetization in this layer would
be 5.3 >< 10—3 emu/cm3; this value is close to the average value for meas-
ured samples of basalt.

(3) The upper crustal layer is alsoa possible seat for magnetization related
to the long-wavelength anomaly field, although the lower layer is more
probable on the basis of the data analyzed in the present paper.

(4) Shallow plates of magnetization appear to be very unlikely as the
origin of the anomalies. Thus we are led to look for deep cram?! magneti-
zation whether it lies in the upper or the lower crustal layer.
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Abstract. Most of the local magnetic anomalies in the area of the Upper
Kolyma River are linear while a subordinate number are arcuate. The anomalies
follow fracture zones and the arcuate anomalies usually mark the outer zones of
granitic intrusions. The bodies producing the anomalies are situated between the
surface and 300 m deep. In most cases these bodies were identified as zones of
pyrrotine mineralization within the sediments, in a few cases as dokes. Other
magmatic rocks were practically nonmagnetic. In a few bodies investigated, small
amounts of magnetite and hematite con tribute up to 15% of the total magnetiza-
tion.

In the Upper Kolyma region the pyrrotine mineralization correlates well
with the presence of gold.

Key words: Magnetic Anomalies —- Rock Magnetism — Mineralization.

The territory of the Upper Kolyma River is characterized by original
distribution of magnetic field character. There are mostly linear and less
arc—type magnetic anomalies. As to the tectonics the above territory
applies to Injali-Debin synclinore and Bujundin-Balychagansky anticlinore
(its Northern part). It is composed of sedimentary rocks of Verkhoyansk
complex, represented by thick rather monotonous series of alevralites, clay
slates and sandstones of Permian, Triassic and Jurassic age. The faults of
different depth, age and orientation were widely spread in the region. The
most part of the fracture zones is connected with the final stages of the
geosyncline development and has concordant striking with the synclynore
and anticlinore. The depth fracture zone forsaw the structural and rather
often metallogenic plan of the territory in question. They are traced by the
anomalies of magnetic and gravitational field, they are well observed in the
relief. The other part of the breaches is less streched but much more numer-
ous. Usually they are fixed by the zones of high cracking, shearing, miloni—
tizing etc. In the local magnetic field they are expressed by positive anom-
alies, which have linear and arc-type forms in the plan. As a rule, linear
anomalies are situated aside the intrusive bodies.

Their lenght is different: in the West it reaches 50 kms in average, in the
South 6—10 kms. The width of linear anomalies varies from 3 till 7 kms.
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The anomalies reflect the magnetization objects, corresponding by their
form to steep layers with different stretching in depth.

Arc-like anomalies usually join big granite intrusive bodies, being
situated in different distances from them — from hundreds meters to the
first kilometers and partly repeating their entering contour. The anomalies
length is in average 2——5 kms and the width 1—2 kms.

The depth of upper selvages of the most magnetic objects varies in the
limit of 0—300 m. ‚

During several years the geological nature of the anomalous objects has
been studied in complex. Quantitative calculation have shown that mainly
these objects are bared by the day, especially taking into account rather
dismembered relief of the region. The placing of the dawn selvage varies
in wide limits very often exceeding magnetic bodies in dozen times. If these
objects are in day we must observe them. Streched bodies, differing by
their litologic composition from sediments are only the dikes of quartz
porphyres, porphyrites, lamprophyres, dacites and others, most of them
being intensive propylizated. However spacely magnetic field anomalies
and the dikes do not coincide, often they do not cross in their stretching. In
order to see the undiscovered bodies the chinks were passed.

Ferromagnetic properties of rocks including the core were studied. It
proved to be that the sediments and in a small quantity the dikes are mag-
netoactive. Their magnetization varies in large limits and is averaging
700—1000 cgs units.

Magmatic formation of the region excluding some dike rocks are
practically nonmagnetic.

The investigation of mineralogical content of rocks sediments, intru-
sives and their magnetization has shown that the local magnetic anomalies
are due to the zones of pyrotine mineralization.

The pyrotine is re presented by two modifications — paramagnetic
hexogonal and ferrimagnetic monoclinal, what was fixed by roentgeno-
structural analysis and powder pattern.

The temperature of pyrrotine forming according to thermodemagnetiza-
tion varies in large limits — from 100° till 270°C and seldom exceeds this
mineral’s Curie point. The temperature values are confirmed with the help
of decrepitation, by thermomagnetization and by studying Koenigsberger
coefficients as well. Though in most cases the magnetization is explained
by the presence of ferromagnetic pyrrotine, but sometimes there takes
place (till 10—15% of the whole magnetization) the contribution of minerals
having higher Curie points. Magnetization vector of these minerals differs
to the angle of 30—410". These minerals proved to be magnetite and
hematite. In sediments they are of rolled form, what says of their sedi-
mentary origin. Thus, the moment of sediments forming is caught in the
magnetic characteristic and much later discovered pyrrotinization.
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It was shown during the investigations that the heating of monoclinic
pyrrotine till 400° at the atmosphere does not cause any unreversal structural
changes.

Pyrrotine mineralization is very much connected with the golden one;
the pyrrotine mineralization being earlier than the golden stage of a com-
mon metamorphic —- hydrothermal process.

Similar zones of pyrrotine mineralization are Widely spread not only in
North—east of the USSR, but in some other regions of the USSR (Eastern
Siberia, Enisei mountain-ridge etc.) and also in Canada, Tanzania etc.

Dr. L. I. Izmailov
Dzerdginskyi Street 10
Flat 12, Magadan
USSR
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Abrtract. In a 120 000 km2 area of the Middle Ural Region a network of
stations was repeatedly observed during several years. The aim was to determine
local differences in the secular variation of the total intensity of the geomagnetic
field. Out of a number of anomalies of this type two examples are considered in
detail. They are situated 140 km west and 180 km east of Sverdlovsk respectively
and show differences of more than 10 y/year over distances in the order of 10 km.
One of these anomalies was clearly observed between 1968 and 1970 and decreased
between 1970 and 1971.

The exact geological cause of these anomalies is not yet known. However,
active faults appear to extend through the crust in this area.

Key words: Secular Variation — Anomalous Zone — Geomagnetic Field —
Proton Magnetometer —— Active Faults.

A total field magnetic survey is being carried out in Urals with partial
occupation of the Zauralie and Preduralie regions, following profiles located
along the roads, with distances between profiles up to 50 km and distances
between the points of the survey up to 5 km. In the Institute of Geophysics
of the Ural Scientific Centre USSR Academy of Science, this survey has
been performed every year since 1968 in order to find and study the geo-
magnetic secular variation anomalies in the Urals. The survey is performed
according to the method of synchronous observations with two proton
magnetometers. One temporary magnetic observatory is situated at the
point of reference, and a portable instrument is placed in succession at points
of the survey network. Besides the proton magnetometer, the four com-
ponent magnetic variational station H, D, Z, T with scale value Z, T, 0,3
and H, D, 1,0 gamma/mm and with the recording rate 90 mm per hour,
works at the point of reference. The proton magnetometers with sensitivity
i0,1 gamma were developed and made in the laboratory. The survey is
repeated periodically every 1 or 2 years. Observations on the discovered
anomalies are performed several times each year. The separation of ordinary
points of survey from the temporary observatories does not exceed 100—
150 km. Simultaneous base station measurements permit elimination of
the influence of geomagnetic field variations, induced by ionospheric
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sources. Hence, the error of the mean difference AT between the measure-
ments at observatories and at the ordinary point isn’t more than $0,6—
3131,44 gamma. At the present time, a considerable part of Middle Urals
territory in the region of Sverdlovsk and Kurgan is under this total field
survey. The survey area is 250 km along the meridian and 550 km along
the latitude. During repeated observations taken each 1 or 2 years, con—
siderable variations of AT are observed, and also in some regions smaller
local anomalies are discovered.

In 1969 a secular variation anomaly was discovered between the Arty
and Manchagh settlements, 140 km west from Sverdlovsk. The width of
this anomaly is 15 km (Fig. 1). During 1968—1970, a maximum change of
AT with amplitude 55 gamma was observed. In 1970—1972 the intensity
of AT change decreased greatly and the anomaly had reversed its sign.
Sedimentary sandy—carbon rocks of Permian, Carboniferous and Devonian
ages occur down to depths about 7 km from the earth’s surface in the anom-
aly region. The crystalline basement consists of strongly metamorphosed
gneisses, slates and amphibolites. Gneisses are interrupted by magnetic
rocks in some places including basic and ultrabasic rocks. According to
seismic data the depth to the ultrabasic layer is 19 km, the depth to the
Mohorovicic discontinuity is 38 km. The magnetic rock in the crystalline
basement produces a constant magnetic anomaly Ta with intensity 900
gamma in the epicentre and 400—600 gamma at the secular variation anomaly
area (Fig. 1). It appears that the changing of tectonic stresses influences the
magnetic properties of the crystalline basement. We think that stress
changes in time cause our secular variation anomalies. To judge by the half-
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width of our anomaly, the depth to magnetic basement is approximately
8 km. The rate of decrease and reversal of sign testify to rapid tectonic
force change in this region. The survey and the anomaly investigations are
continuing in more detail.

A second local secular variation anomaly was discovered in 1971 on the
Eastern slope of the Urals near Butka settlement, 180 km East from
Sverdlovsk (Fig. 2). Anomaly length is 60 km according to the survey
profile. The Butka anomaly is characterized by positive and negative peaks
with intensity of AT up to 15 gamma in a one year period. At the present
time, the anomaly has been investigated along one profile. In 1972 this
anomaly had been surveyed twice, and in 1973 it was surveyed several
times. In 1973 four-component magnetic variational stations were placed
both in the normal field at the point of reference, and also in the anomalous
region, in order to explore not only total field changes, but also the field
components. We also examined several profiles perpendicular to the original
one. The results of repeated observations of the anomaly showed that it has
complicated forms and long time durations.

Geological conditions in the anomaly region are characterized by sharp
changes in crystalline base depth, from 8 km depth in the west to only 2 km
in the east. The depth to the Conrad discontinuity is 23 km, and to the
MohoroviciE—39 km. Moreover, west of the anomaly the depth to
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Mohoroviëië discontinuity is 45 km, and to the east the depth is 43 km.
The presence of these ruptures of the Conrad surface and of the basalt layer
points to the complicated geological conditions in this region.

The latitude profiles of a helium survey and magnitotelluric soundings
in the described region have also revealed considerable anomalies at the
points of intersection with our own Butka anomalous zone.

It seems likely that our own observations, and also the helium and mag-
netotelluric surveys, are revealing the existence of active faults extending
right through the crust.

In the surveyed territory, besides the two described anomalies, some
other places were found with changes of AT deflections higher than the
errors of the measurement. But these other anomalies are not discussed in
this work because they were not observed in detail.

Vsevolod A. Shapiro
Institute of Geophysics
Ural Sci. Centre
USSR Academy of Science
USSR 620169, Sverdlovsk, K—66
Pervomaiskaya 91
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Abstract. The interpretation of geomagnetic anomalies with deep-seated
sources sometimes requires postulating magnetic susceptibilities larger than those
measured for common rock types at the earth’s surface. A possible explanation
is that rocks buried at depths approaching the Curie point isotherm exhibit
enhanced susceptibility due to the Hopkinson effect. In measurements on a sample
of single-domain magnetite (0.04 pm particles), the susceptibility increased by
a factor 2 between 20 and 500 °C and by a factor 3 at 550 °C. The Hopkinson peak
was less pronounced in multidomain magnetites: the relative increase in suscep-
tibility at 550 °C was by a factor 2 in 0.1 um particles and a factor 1.5 in 0.25 pm
particles. Single-domain hematite (0.1—1 um) gave a spectacular Hopkinson
peak, with relative susceptibility enhancement by a factor 5 at 530 °C and a factor
20 at 640 °C. However, rocks containing fine-grained maghemite and magnetite
showed an enhancement of 50—70 O/O at most. The reasons for this variability in the
height of the Hopkinson peak are not understood, but the width and shape of the
peak are clearly related to the blocking temperature spectrum. Distributed blocking
temperatures are associated with a broad peak, while discrete blocking tempera-
tures are accompanied by a sharp susceptibility peak within 50—100°C of the Curie
point. A corollary is that remanent magnetization decreases roughly in inverse
proportion to increase in susceptibility, so that the Koenigsberger Qn ratio
decreases sharply at high temperature. For this reason, deep—seated anomalies
can almost certainly be interpreted in terms of induced magnetization only. Finally,
somewhat shallower bodies (temperatures of 200—400 °C) may exhibit thermally
enhanced magnetization for two reasons: first, titanomagnetites have widely
varying Curie points depending on titanium content, and second, observed
anomalies are the result of a geomagnetic field applied over 106 years and viscous
magnetization is also known to be enhanced at high temperature.

Key words: Magnetic Anomalies — Susceptibility — Induced Magnetization —
Remanent Magnetization — Hopkinson Effect — Curie Point Isotherm.

Introduction

Relatively intense regional magnetic anomalies whose sources are
apparently 10—30 km deep in the crust are widespread in the Precambrian
Shields of the world. The effective magnetizations of the sources as deduced
by Bhattacharya and Morley (1965), Hall (1968), Mc Grath and Hall (1969)
and Krutikhovskaya et al. (1973), among others, correspond to suscep-
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tibilities of 10-3 — 10-2 emu/cm3. Since the susceptibilities of the surface
rocks in shield areas are commonly 10-4 —— 10-3 emu/cm3, one is forced
to conclude that either remanent magnetization is responsible for most
regional anomalies or else that susceptibility is somehow enhanced at
depth in the crust. The latter possibility is explored in this paper.

cepz‘ibilz'ty and Domain Structure

The magnetization induced by a given field H depends on whether
the domain structure must be rotated, as in single-domain (SD) grains, or
whether domain wall displacements are also possible, as in multidomain
(MD) grains. The theoretical initial susceptibility 950 of unaxial, randomly
oriented SD grains is (Stoner and Wohlfarth, 1948; Dunlop, 1969)

418.XO = 0.349
HR

(1)

where the remanent coercive force HR (the reverse field required to reduce
to zero the remanence following saturation in the forward direction)
essentially measures the resistance of anisotropy forces to rotation of the
spontaneous magnetization MS. The intrinsic susceptibility Xi of MD
grains is likewise inversely proportional to coercive force (in this case, the
resistance to wall motion) but the self-demagnetizing field reduces the
observed susceptibility to (Neel, 1955; Nagata, 1961; Stacey, 1963)

_ Xi N 1
XO—1+iNN

(2)

where N is the demagnetizing factor, determined by the shape of the grain.
Both Nagata (1961) and Stacey and Banerjee (1974) suggest an average
value N=3.8—-—3.9 for titanomagnetite grains in igneous rocks, very
little diiferent from the value 4n/3 appropriate to equidimensional grains.

Fig. 1 compares measured values of x0 for single—domain and two-
domain grains of magnetite and other strongly magnetic minerals with
Eqs. (1) and (2). It is interesting that while some of the SD samples have
extreme M‚g/HR values seldom, if ever, encountered in nature, the resulting
range of x0 is only 0.1—0.6 emu/cm3. x0 for SD magnetite is thus com-
parable to X0 for MD magnetite. The great contrast between the Koenigs-
berger ratios of SD and MD magnetite reflects the more intense TRM
(thermoremanent magnetization) of SD grains, not a susceptibility con-
trast.

Although two-domain grains display some SD-like features (Dunlop,
1974), Fig. 1 shows that their susceptibilities are greatly reduced by self-
demagnetization. Grains with higher domain multiplicities have X0 es-
sentially independent of HR, as predicted by Eq. (2).



Thermal Enhancement of Magnetic Susceptibility 441

06- ‚r
‚I

f

t single -domoin x
x

"70.5" + two-domain /
I

E .r
~52? X=O§49M§

Ê
‚r HR

EU 04— I,
-._.- f

o r
H If

4"

2:33.03" ÿ + *

.15 r +
7% ---____________’:: _________ Kohl-21-..-..

:1:- x ‘ N 47r

gOE—
I)

m f

En I"
E ‚r
E Ole If

v" o
I

a!"

If
0 l I I l | I I I

O 0.4 0.8 [2 LB
Msalemul

Fig. 1. Initial susceptibilities of some natural and synthetic samples of magnetite
and maghemite, as a function of the ratio MS/HR. The theoretically expected
dependences for SD and MD materials (Eqs. 1 and 2) are shown as dashed lines.
SD materials agree well with theory, while two-domain materials are intermediate

between SD and MD behaviour. (After Dunlop, 1974)

Above a critical blocking temperature TB, both SD and MD grains
become superparamagnetic (8PM): that is, barriers to domain rotation or
wall motion are overcome by thermal energy and very large susceptibilities
can result. For SD grains (Bean and Livingston, 1959),

(3)

where a is grain volume, 1è is Boltzmann’s constant and Î is temperature.
The Langevin function L01) equals a: for or. 530.2 and equals 1 for large us.

Since the blocking temperature for MD grains is invariably close to
the Curie point, Mg is rather small throughout the blocking region and
SPM enhancement of go is not as significant as in the SD case.

Susceptibility of Crmz‘al Roc/è:

Table 1 lists measured values of 960 for a variety of crustal igneous and
metamorphic rocks ranging in age from Archean to Tertiary. The rocks
were originally measured because of their paleomagnetic interest and by
no means comprise a representative sampling of the continental crust.
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Table 1. Susceptibilities of some crustal rocks. Both the observed susceptibility
and the calculated value corresponding to 100% magnetite are tabulated. The
numbers (I through VI) accompanying the Steens and Iceland samples refer to the

oxidation index (Wilson and Watkins, 1967) of these basalts

Rock type Volume O/O x0 as observed X0 forp == 100%
Fe304, p (10—4emu/cm3) (emu/cm3)

Tertiary basalt;
1) Cobb seamounta 0.41 8.55 0.210
2) Cape Dyer basaltsb <0.01 0.18 0.295

0.02 0.44 0.184
0.03 0.86 0.324
0.11 1.96 0.179

3) Steens basalts 1° 0.18 6.02 0.344
II 0.18 5.27 0.291
III 0.17 6.39 0.377
IV 0.23 4.85 0.211
V 0.18 3.88 0.221

4) Iceland basalts Id 0.22 ' 10.0 0.455
II 0.27 11.8 0.436
III 0.26 5.97 0.234
IV 0.29 5.98 0.204
V 0.23 4.69 0.201
VI 0.23 4.95 0.214

Arc/Jean metabamlt:
1) Kirkland Lake <0.01 0.14 0.185

greenstonese 0.01 0.26 0.202
0.08 2.86 0.344

Diabam
1) Matachewan dikee 0.01 0.23 0.216
2) Logan sillsf 0.03 0.68 0.237
3) Glamorgan dikeg 0.02 0.56 0.276
4) Coronation sillsh 0.27 6.83 0.258

0.44 9.45 0.214
5) Tasmanian doleritei 0.11 2.55 0.244
6) Lambertville diabasei 0.12 3.44 0.287

Gabbros, mort/Joule:
1) Modipe gabbrok 0.02 0.41 0.255
2) Sudbury norite1 0.02 0.39 0.204
3) Michikamau anorthositem 0.25 9.78 0.387
4) Michael gabbron 0.44 14.7 0.332
5) Glamorgan gabbrog: ° 0.01 0.18 0.206

0.06 2.13 0.335
Diorz'tes, granite:

1) Kirkland Lake dioritee 0.02 0.30 0.189
2) Dudmon dioriteg’ ° 0.79 33.8 0.428
3) Bark Lake granodioriteg» ° 0.24 10.3 0.428
4) Spavinaw granitep 0.33 8.50 0.259
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Nevertheless several significant trends appear in the data. First of all, since
the volume percent of magnetic material was known from saturation
magnetization measurements, it was possible to find the value of XO cor-
responding to 1000/O magnetite for each rock. Despite the variety of rock
types, these all lay between 0.18 and 0.46 emu/cm3, a range entirely con-
sistent with the theory of the previous section and the data of Fig. 1.

A second point is that all the rock types examined, even those generally
considered to be very magnetic (eg. Tertiary continental and submarine
basalts), contained less than 1% by volume magnetite. As a result, the
observed susceptibilities (with one or two exceptions) were 10"3 emu/cm3
or less. It is interesting that the Spavinaw granite and the Bark Lake
granodiorite (both of Precambrian age) each contain about 0.3 % magnetite
and are as strongly magnetic as most of the more mafic rocks. Although
these two rocks are probably atypical, they do demonstrate that felsic
rocks cannot be dismissed as possible sources of regional anomalies.

Finally, Table 1 shows that despite great variability in observed suscep-
tibilities, X0 tends to be lower for older, more metamorphosed rocks. For
example, the Kirkland Lake greenstones contain about one-tenth the mag-
netic material found in Tertiary volcanic equivalents. Precambrian dia-
bases like the Matachewan and Glamorgan dikes and the Logan sills are
5—10 times less magnetic than the Phanerozoic Tasmanian dolerite and
Lambertville diabase. Bearing this trend in mind, we have even more
difficulty in reconciling the effective magnetizations of deep magnetic
anomaly sources in Precambrian terrain with the susceptibilities typical
of surface rocks in these areas.

Remanent and Induced Magnetization

There are two ways of resolving the paradox that typical crustal rocks
seem to have susceptibilities that are insufficient to account for regional
magnetic anomalies. One way is to appeal instead to the TRM of rocks
contaning SD or small MD grains of titanomagnetite. These rocks can
readily supply the requisite magnetization, the “enhancement factor”
being the Koenigsberger ratio Qt between TRM and induced magnetization
produced by the earth’s field. Stacey (1967) has shown that ‚Q; is much

(——

3 Merrill and Burns, 1972; ‘0 Deutsch, Kristiansson and May, 1971; c Watkins,
1969; ‘1 Watkins and Haggerty, 1968; e Pesonen, 1973; f Robertson and Fahrig,
1971; g Dunlop, Hanes and Buchan, 1973; h Fahrig, Irving and Jackson, 1971 ;
ï Stott and Stacey, 1960; ï Hargraves and Young, 1969; k Evans and McElhinny,
1966; 1 Hood, 1961; m Murthy, Evans and Gough, 1971; n Fahrig and Larochelle,
1972; 0 Buchan and Dunlop, 1973; D Spall and Noltimier, 1973.
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point), Q3, is zero but 950 is considerably enhanced

greater than 1 for magnetite grains smaller than a few microns but less
than 1 for larger grains.

Appealing to TRM as the source of anomalies has of course the un-
fortunate consequence that the magnetization direction is unrelated to that
of the present field, complicating the interpretation process. The alternative
is to suppose that induced magnetization is enhanced deep in the crust.
Susceptibility changes significantly with hydrostatic pressure (Nagata, 1961,
Girdler, 1963) but the increase of susceptibility with temperature (the
Hopkinson (1889) effect) is a more important effect if the rocks are buried
close to the depth of the Curie point isotherm. Fig. 2 illustrates the agent.
The enhancement is generally significant only within 100 “C or so of the
Curie temperature.

There is at present no evidence so compelling that we can choose one
explanation over the other. However it is worth noting that since regional
anomalies are very widespread in Precambrian Shields, it is only natural
to favour as sources rock types that are similarly widespread. Obvious
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candidates would be the deep equivalents of the granitic rocks which are
ubiquitous at the surface. Some authors (e. g. Krutikhovskaya et al., 1973)
favour very large basic intrusives as sources. In either case, the rocks are
coarse-grained and would be expected to exhibit generally low Q; values.
Furthermore, as Fig. 2 illustrates, Qt decreases steadily as the temperature
increases and is zero throughout the region between the blocking tem—
perature and the Curie point. This is of course the same region in which
susceptibility is maximum because of superparamagnetism. Thus even SD
grains behave like low-Qt materials at high temperature.

On the other hand, it is not clear that susceptibility enhancement by the
Hopkinson effect is sufficient or occurs over a sufficiently wide range of
temperature to significantly enhance the magnetization of deeply buried
rocks. We shall examine these questions and the physical factors controlling
the Hopkinson effect in the next section.

Tbe Hopkz’mon Efiecz‘ in Roc/ès and Mineral:

In SD grains and small MD grains with pseudo-SD magnetic moments
(Dunlop, 1973 a), the susceptibility increases with temperature for two
reasons. Below the blocking temperature TB of a particular grain, Eq. (1)
predicts that go is proportional to MS/HR. Above T3, x0 jumps to the
value given by (3), eventually falling to zero with MS at the Curie point.
The grains in a rock have a spectrum of sizes and hence of TB, with the
result that both effects contribute to 750 of the rock in the blocking region.

The height of the Hopkinson peak, which determines the maximum
enhancement of susceptibility, is controlled both by HR at room tem-
perature, T0, and by the minimum blocking temperature. The larger
HR(T0) and the higher (TB)min, the larger the enhancement factor HR (T0)]
HR(TB). On the other hand, if (TB)m1n is too high, MS is small and so is
the SPM susceptibility. The width of the Hopkinson peak, which deter-
mines over what range of temperatures (and by extension, over what range of
crustal depths) there is significant enhancement of 950, is controlled almost
entirely by the width of the blocking temperature spectrum.

Large MD grains invariably have a narrow TB spectrum just below
the Curie point, and according to Eq. (2), there is no susceptibility increase
below (TB)mm. We can expect therefore a rather narrow and not partic-
ularly high Hopkinson peak in MD materials.

Figs. 3, 4 and 5 illustrate these principles. Fig. 3 compares XO and
MS/HR data and the blocking temperature spectrum (determined from
stepwise thermal demagnetization of a 1—oersted TRM) for two submicron
magnetites described by Dunlop (1973 a, b). The small MD grains (mean
size about 0.1 um) have a narrow range of T3 just below the Curie tem—
perature of 583 °C, and except in this range, X0 and MS/HR have identical
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the blocking—temperature spectrum

temperature dependences. The Hopkinson peak is narrow but relatively
high (enhancement factor abOut 3). The SD grains (mean size about
0.04 pm) have a broad range of TB and a correspondingly broader Hop—
kinson peak. The enhancement factor is again about 3. Throughout the
blocking range, x0 is distinctly higher than MS/HR, the difference being
clearly correlated with the spectrum of blocking temperatures.

Fig. 4 makes a similar comparison of data except that here (and in
Fig. 5) there is no continuous record of the TB spectrum. Instead the form
of the spectrum is indicated by a series of partial TRM’s. Because it contains
relatively large needle-like grains (0.2—0.3 pm long), the SD magnetite has a
TB spectrum reminiscent of MD grains. The Hopkinson peak is narrow
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Note the spectacular Hopkinson enhancement factor DE the hematite.

and there is an enhancement in X0 of less than a factor 2, apparently con-
fined to the blocking region. The SD hematite (grain size 0.1—1 pm) has a
broader T3 spectrum and Hopkinson peak, with spectacular enhancement
of ZU — by a factor 5 at 530 OC and a factor 20 at 640 C’C. The enhancement
reflects the fact that the room-temperature value of x0 is very low (because
of the large coercive force of hematite at T0) compared to the SPM suscep-
tibility. Unfortunately hematite is not of interest in the context of crustal
anomalies, being at least two orders of magnitude less magnetic than mag-
netite, but it does provide a spectacular illustration of the principles in—
volved.

Fig. 5 shows susceptibility data for two rocks with fairly broad TB
spectra and correspondingly broad Hopkinson peaks. Rhadhakrishnamurty
and Likhite (1970) show a number DE similar examples, which they classify
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as being of SD—type. (However, since we have seen in Figs. 3 and 4 that
SD magnetites can have quite narrow TB spectra and Hopkinson peaks, this
classification is a little misleading). The susceptibilities of the rocks in Fig. 5
are only enhanced by 50—70 %, but both Radhakrishnamurty and Likhite
(1970) and Nagata (1961, pp. 98, 143, 163) show examples of basalts with
enhancement factors of 1.5—2.5.

Tbs Source 0f Deep-Seared Anomalie:

The Hopkinson effect data presently available is scanty and refers
epecifically to basalts and fine—grained magnetites. It clearly needs to be
vupplemented by data on MD magnetites and coarse-grained rocks. Navar—
Lheless a modest enhancement, by a factor 2 or so, of the susceptibility
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of deeply buried crustal rocks seems to be entirely possible. Larger en—
hancements appear unlikely. Since the range of significant susceptibility
increase is typically no more than 100 °C and often more like 50 oC, the
depth extent of crustal bodies whose effective magnetization is enhanced
by this mechanism can scarcely be more than a few km.

The actual depth in the crust at which enhancement occurs is less
certain. The surface geothermal gradient in shield areas is about 30 oC/km
but a lower figure is appropriate for the whole crust, perhaps as low as
10 oC/km. The Curie point (580 oC) isotherm for magnetite could then be as
deep as 50 km, although thermal evolution models (e. g. MacDonald, 1963)
and phase equilibrium considerations (Turner and Verhoogen, 1951)
favour a depth in the range 25 to 40 km.

Of course, somewhat shallower bodies (temperatures of 200——400 °C)
may exhibit enhanced magnetization if they contain titanomagnetites with
a high titanium content and correspondingly lower Curie temperature.
This is particularly likely to be true of deep intrusions in which the titano-
magnetites have retained their primitive compositions.

A final point to note is that observed anomalies reflect the magnetization
produced by the geomagnetic field acting over the past 106 years. Viscous
(time—dependent) magnetization is known to be enhanced, sometimes
spectacularly, at high temperature (e. g. Shashkanov and Metallova, 1970)
and could well result in an effective susceptibility appreciably higher than
that measured in short-term experiments.
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Abstract. Qualitative techniques are described by which the domain nature and
magnetite-maghemite oxidation state of the iron oxides in basalts may be rapidly
identified through measurements of hysteresis and susceptibility over a wide tem-
perature range. Detailed studies made on different suites of basalts have revealed
that their magnetic properties in most cases can be explained only on the basis of
single—domain behaviour. Also it has been found that the observed variations in
these properties between basalts are usually best explained by differences in the
position the iron oxide minerals in the different samples occupy along the mag-
netite—maghemite oxidation chain. These observations suggest that the role of
titanium usually found in association with iron oxides in basalts is to subdivide
the grains physically rather than to form solid solutions of titanomagnetites or
titanomaghemites. Some implications of these results to basalt formation and the
magnetic anomalies such rocks could cause are discussed.

Key words: Magnetic — Techniques —— Basalt — Susceptibility -— Hysteresis --
Oxidation —— Magnetite —— Titanium — Domains — Superparamagnetic.

7. I”frank/617072

The few percent of iron oxide minerals present in basalts are responsible
for the bulk magnetic properties of these rocks. Microscopic observations
on thin sections or polished surfaces of the basalts reveal that the usual size
of the iron oxide grains is in the range of 1 to 100 microns. Such large
magnetic grains are expected to behave like multidomains and in fact
Néel (1955) expressed this view although the magnetic properties of basalts
could not be adequately explained in terms of multidomain behaviour.

Chemical analysis of the iron oxide minerals separated from basalts
usually indicates the presence of some titanium. Chevallier, Bolfa and
Mathieu (1955), Uyeda (1958) and others concluded from investigations
on synthetic specimens that solid solutions can occur over a wide composi—
tional range between the spinel end members Fe304 and FCgTiO4, with a
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corresponding variation in magnetic properties such as Curie point (Tc).
This has led to the widespread adoption by workers in rock magnetism
of titanomagnetite and titanomaghemite series, whereby the observed mag-
netic properties of the rock are interpreted in terms of the place of the iron
oxide minerals within either series. However, in actual rocks Tc as estimated
from the chemical composition of the grains seldom agrees with that deduc—
ed from magnetic measurements. Moreover, the observed Curie points are
not well defined, especially for basalts presumed to show values less than
400 °C on the basis of their Ti content. Further difficulties in determining
Tc arise from changes the magnetic grains undergo during the laboratory
heating itself, resulting in the irreversibility of heating and cooling cycles.

Oxidation of magnetite has engaged the attention of both geologists
and chemists for the past fifty years, but still some aspects of this process
need further study for a better understanding. Lepp (1957) first pointed out
that the product of oxidation depends only on the grain size of the mag-
netite used and the rate of reaction. Later Feitknecht and Gallagher (1970)
showed that grains of magnetite smaller than 3000 A in diameter tend to
become oxidized to maghemite, whereas larger ones turn into hematite
or they form disproportionately both magnetite and hematite through
several intermediate cation deficient phases. The magnetic properties of
synthesized cation deficient magnetites with different Ti contents have been
studied as a function of degree of oxidation (Readman and O’Reilly, 1972).
However, the manner in which the oxidation process itself depends on the
grain size of the titanomagnetites is difficult to visualize in the absence of
studies similar to those reported on sized grains of pure magnetite.

In a critical study (Radhakrishnamurty, Raja, Likhite and Sahasra-
budhe, 1972) of the magnetic behaviour of several hundred basalts, not a
single case was found which could be unambiguously attributed to the
presence of large titanomagnetite grains with low TC. All the ten cases
encountered in the study which indicated low T0 turned out to be ambig—
uous due to grain size effects of the magnetic minerals in them. Thus, the
occurrence in continental basalts of titanomagnetites of the synthetic type
itself is perhaps not as soundly established a fact as has been generally
assumed. For these reasons, consideration of the role of titanium in deter-
mining magnetic properties along the magnetite-maghemite chain has been
omitted as an open question for the sake of the present analysis.

The above features of the iron oxide minerals could certainly cause
many complexities in the way of understanding the magnetic properties of
basalts. Fortunately, magnetite and maghemite have distinct magnetic
properties and hence can be identified by simple magnetic tests. Recently,
it was shown (Radhakrishnamurty, Likhite, Raja and Sahasrabudhe, 1971)
that such tests can be unambiguously extended to cation deficient (CD)
phases of magnetite, as these have specific magnetic properties by which
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Fig. 1. Typical hysteresis loops for one synthetic and two basalt samples. MD u-
multidomain, SD — singlesdomain and SP — superparamagnetic grains. a, b, c,
at 25 “C; d, e, f, at — 190 QC for the same samples. Scale: Xraxis (magnetic field)
1 small division r 125 Os- for a and d; and 62.5 Oe for the rest. Y—axis (magnetic

moment) 1 s.d. r 0.9 emu for all

they can be distinguished from pure magnetite and maghemite. However,
the first step for an understanding of the magnetic properties of basalts is to
ascertain the domain nature of the iron oxide grains in such rocks.

2. Hysteresis sf [Jr-“ms Oxide Grains

The magnetic hysteresis phenomenon depends on the domain structure
of the grains in a material. At any particular temperature, there is a narrow
range of sizes in which the grains of a magnetic material show maximum
coercive force (He) and retentivity (jr) and such grains are termed optimum
single—domains (SD); smaller grains exhibit superparamagnetism (SP) due
to thermal agitation and much larger grains become multidomains (MD).
From simple theory, both SP and MD grains are presumed (Bean, 1955)
to show vanishingly small HQ andjr. However, experimentally, some finite
values of 11’? and j,- may be observed for clusters of SP particles due to
dipole interaction (Evdokimov, 1963; 17.. Knaller, private communication,
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Fig. 2. Hysteresis loops for two basalts containingr cation deficient magnetite
and a synthetic sample of maghemite. Scale: X—axis 1 s.d. = 75 0e; Y-asis 1 s.d.
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1972) amongst them and for MD grains due to crystal defects in them.
Since the terms MD, SD, CD and SP comprise both domain states and

composition, it may be explained that in this paper use of “SD” is reserved
for “pure” magnetite, whereas “CD” refers to cation deficient grains that
may be either SD or MD, though usually the former. “SP” and “MD”
terms are applied to grains of any composition.

Magnetite undergoes a phase transition at — 150 “C, below which its
magnetocrystalline anisotropy constant K increases tenfold compared to
that at room temperature (7}). Morrish and Watt (1958) showed from
studies on magnetite micropowders that for SD particles, h"? is several
times greater at --196 C“(Î than at T} and that for MD grains the correspond-
ing increase is by about a factor of two. These observations are consistent
with the known positive correlation between H... and K. Morrish and Watt
also found that maghemite shows a small increase in H9 at low temperatures.

In Fig. 1 are shown the typical hysteresis loops for three samples;
a, b, c were obtained at 25 GC and d, e, f are corresponding loops for the
same samples at — - 190 “C. The loop in Fig. 1a is for a sample prepared by
dispersing a small quantity of 100 micron size grains of magnetite in plaster
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of Paris and the peak field used was 2500 De. This sample shows the ex-
pected increase in 1L]c at — 190 °C (Fig. 1d) corresponding to MD grains of
magnetite. The loops shown in Fig. 1b, c and 1e, f are for basalts obtained
in a peak field of 1250 Oc. It should be mentioned here that a small field
has been chosen for these two basalt samples to show the change in Hc
clearly, though this change has the same trend even in much higher fields.
The large increase in H0 at — 190 °C (Fig. 1e) compared to that at 25 °C
(Fig. 1b) strongly suggests that the magnetic grains in sample II are SD
magnetite. The similar behaviour shown by sample III (Fig. 1c and lf)
is again consistent with SD magnetite at low temperature. However, at
T1., this sample is in a metastable magnetic state and shows a Rayleigh loop
(hysteresis in 10 Oc) which indicates that a significant fraction of the particles
in it are superparamagnetic (Radhakrishnamurty and Sastry, 1970; Néel,
1970); the estimated particle size is about 100 A.

Fig. 2 shows the hysteresis loops for two basalt samples (IV and V)
and one synthetic sample (VI) prepared by dispersing commercial maghemite
in plaster of Paris. Surprisingly sample IV shows little or no change in its
hysteresis with temperature (Fig. 2a and 2 d), while sample V shows a distinct
decrease in He at — 190 °C (Fig. 2e) compared to that at 25 c’C (Fig. 2b). This
character is just opposite to that of magnetite. Such samples have been shown
to contain CD magnetite phases (Radhakrishnamurty, Likhite, Raja and
Sahasrabudhe, 1971). The hysteresis behaviour of maghemite sample VI,
shown in Fig. 2c and 2f conforms to the expectation, namely there is a small
increase in 1‘17c at — 190 °C compared to that at 25 oC.

Thus, basalts containing the above six kinds of minerals and grain sizes
have been identified from their characteristic hysteresis behaviour at
different temperatures. Of course, composite mixed behaviour might be,
and often is, encountered in basalts and is in principle also detectable by
experiment. However, it should be emphasised that the magnetic analysis
of such composite rocks is still at best semi-quantitative.

As was pointed out previously (Radhakrishnamurty and Likhite,
1970 b), the presence of SP particles in a basalt can be revealed by the low
field (10 Oe) hysteresis loop and that of optimum SD grains by their
characteristically large relative remanence (ratio of remanent to maximum
intensities) in medium fields (100—500 Oc). The presence of MD and CD
magnetite can be established by hysteresis studies in high fields (1000—5000
Oe). However, it should be mentioned in this context that the sensitivities
of the three different instruments used (Likhite, Radhakrishnamurty and
Sahasrabudhe, 1965; Likhite and Radhakrishnamurty, 1966), for hysteresis
studies in low, medium and high fields decrease somewhat with increasing
magnetic fields due to increase in noise levels of the instruments. Hence, it
may not be possible to observe distortionless loops for all kinds of basalts
in all the different ranges of fields. Typically a sample should develop
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maximum intensities of the order of 0.07, 1.0 and 2.0 emu/cc in low,
medium and high fields respectively for observing distortion—free hysteresis
loops with the three instruments.

.3. Studie: sf Inz'tiaX .S‘mreprrbiiiry air/52 Temperatur-e

Many workers have described apparatus suitable for measuring the
susceptibility (Æ!) of rocks in low fields. The various kinds of basalts used
in the present study have been measured in a field of 0.5 (Je with the
apparatus described previously (Likhite and Radhakrishnamurty, 1965).
With low— and high—temperature attachments (Radhakrishnamurty and
Likhite, 1970a) it was possible to determine the Æ. of most basalts at any
temperature in the range — 196 ”(I to 700 C’C.

In Fig. 3 are shown curves depicting the variation of Æ with 2" for
basalts containing different types of magnetic grains. These curves were
based on actual measurements but somewhat idealised to bring out the
salient features. Only the heating curves are shown, mainly to avoid con-
gestion and to faciliate comparative analysis. It should be noted that the
“SD” and “SP” notations on the curves refer to the respective grain state
at I} only: the actual grain state at high temperature on the “SD” curve
tends towards SP, while that at low temperature on the “SP” curve tends
towards SD.

All the curves are reversible in the temperature range —— 196Ü to 25 “C.
However, in the high temperature range, only the MD magnetite curve is
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reversible, mainly because the changes taking place on heating in the com-
position and/or state of large magnetite grains are negligible, and the curve
also shows a well defined and sharp Tc. The curves of all other types of
grains are more or less irreversible in the high temperature range and some
of them may change drastically due to changes in composition and/or
grain growth: these features may imply that there would be ambiguity in
defining any point of such curves as Tc. Some of the uncertainties in the
determination of Te of basalts were discussed in greater detail elsewhere
(Radhakrishnamurty, Raja, Likhite and Sahasrabudhe, 1972).

Also, it was inferred from these magnetic observations that basalts
which show SD magnetite behaviour often get oxidized to maghemite when
heated beyond 200 oC; sometimes the grains become CD magnetite. Perhaps
the most likely explanation for these observation is that when the
grains get the necessary oxygen from their surroundings, maghemite might
form and if oxygen was not available the grains might turn into CD mag-
netite. Cation migration in SD magnetite might start around 200 OC and the
associated changes could even cause ambiguities in the determination of
blocking temperature (Tb) or Tc of the relevant grains.

The following important features emerge from a comparative study of
the different curves shown in Fig. 3.

1. While it may be difficult to distinguish between MD and CD mag-
netite from the high temperature part of the Æ—T curve, they may be
resolved clearly from the low temperature side. MD magnetite shows the
characteristic sharp k—peak at —150°C due to phase transition and CD
shows an increase in the value of k at —— 196 oC compared to its value at Tr.

2. SP and SD magnetite grains show a large decrease in k at — 196 OC
compared to their respective values at Tr. It is very difficult to identify the
magnetite transition peak at —150°C in the k—T curves of SP and SD
samples, probably due to the large increase in H0 with decreasing temper-
ature around the transition point.

3. Maghemite shows a small decrease in k at — 196 °C compared with
its Tr value.

The above features of the different kinds of grains can be explained by
variations in the effective contributions by shape and magnetocrystalline
anisotropies. Particularly, the inconspicuousness or absence of the k—peak
at the transition temperature in the Æ-T curves of SD magnetite may be due
to the undiminishing or somewhat increasing effect of shape anisotropy of
the grains. The magnetic properties of CD magnetite grains are quite
peculiar and at present stand out simple as experimental observations. The
decrease of H0 and increase of ,è at low temperatures observed for CD
grains are mutually supporting and consistent and it may be recorded in this
context that an explanation for these, based on more fundamental properties
of the material, is not yet possible.



|00472||

460 C. Radhakrishnamurty and E. R. Deutsch

Table 1. Magnetic granulometric data for stable basalts from Deccan and Rajmahal
traps

Mineral nature

Flow Rock (Qua Virgin After
N0. type heating

(600 °C)

1 2 3 4 5 6

2 FGB 3.1 Maghemite Maghemite
4 PB 4.1 CD + SD Maghemite
5 AB 6.1 CD Maghemite
7 AB 5.3 CD CD
8 CGB 4.1 CD CD
9 AB 3 4 CD + SD CD

Deccan 13 PB 6 8 CD CD
traps 14 AB 8.0 CD CD

17 AB 1 .3 CD Maghemite
21 PB 1.3 CD CD
22 PB 3.7 CD CD
24 PB 4.2 CD Maghemite

I FGB 40.6 SD Maghemite
II PB 71.4 SD Maghemite
V FGB 36.0 SD CD
VI PB 10.0 CD CD
VII CGB 45.8 SD + CD Maghemite
X PS 116.0 SD SD

Rajmahal XI PB 7.8 CD + SD CD
traps XII CGB 55.0 SD Maghemite

XIII PB 24.8 SD + CD CD
XIV CGB 9.9 CD CD
XV PB 78.8 SD Maghemite
XVI CGB 23.0 SD + CD CD
XVII CGB 5.2 CD + SD CD

3 Ratio of remanent intensity to that induced in 0.5 Oc. FGB — Fine grained
basalt, CGB —— Course grained basalt, PS — Pitchstone, AB -— Amygdaloidal
basalt, PB — Porphyritic basalt, CD —~ Cation deficient, SD — Single-domain
and referring to magnetite.

4. Gram/[077262732 of Basa/2‘;
Several techniques have been developed (Dunlop, 1965; Stacey, 1967;

Lowrie and Fuller, 1971) for studying the domain nature of the magnetic
grains in basalts. However, these are mainly meant for identifying the
domain nature of part of the grains responsible for the remanent mag-
netization of the rocks. The techniques described in this paper are useful
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for studies on the total magnetic mineral content of the basalts and include
both domain nature and chemical compositional aspects of the minerals
concerned.

The granulometry of several suites of basalts has been studied. In Table 1
are given magnetic data for palaeomagnetically stable rocks from the Deccan
and Rajmahal traps. The important points to be noted are as follows:

1. Values of Koenigsberger ratio (Qn) are in the range 1 to 10 for
basalts containing CD and 10 to 100 for SD magnetite.

2. The mineral in some of the samples gets converted to maghemite
when heated to 600 OC and cooled; this may imply that the grains in the
virgin samples are less than 3000 A in size.

3. Multidomain magnetic behaviour is very rare in these basalts and
this indicates that the magnetic grain size may be greatly different from the
physical grain size derived from optical observations.

4. The flows not listed in Column 2 among the two suites of basalts
in Table 1 were found to be unstable or partially stable, mainly due to the
presence of SP particles in samples derived from the respective flows.

In Table 2 granulometric data are given for some younger and older
basalts. In cases where uniformity of grain nature in rock bodies is known
the totals shown in Column 3 represent flows or sites regarded as units;
in all other cases, numbers refer to the total of samples or specimens.
Cases like SP, SD etc. indicate that these grains predominate. Composite
notations like SP—l—SD, MD+SD etc. mean that the magnetic charac—
teristics of both types of grains could be clearly identified for the sample
studied. More than two kinds of grains may also be present in basalts, but
this would be difficult to determine and hence was not attempted.

The data presented in Table 2 indicate that in basalts younger than
Cretaceous, MD behaviour is rare while it is fairly common in older basalts.
CD behaviour, when its occurrences both in pure and composite form are
counted, is far more prevalent than others.

5. Implications of Magnetic Granu/ometry 2‘0 Petrogmp/yy

The most important result obtained from these studies on different
kinds of basalts is that SP behaviour has been found even for some coarse
grained samples. This result clearly indicates that each iron oxide grain in
a basalt might be behaving like a cluster of much smaller grains due to some
yet unknown mechanism of subdivision.

In some Deccan trap flows and dykes, entire rock masses were found to
contain SP particles. It was impossible to separate the magnetic grains from
crushed samples. These cases may indicate very rapid chilling of the magmas
concerned, as a result of which SP-size (100 A) magnetite particles were
formed more or less uniformly in the rock bodies. The presence of even
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much smaller particles which are superparamagnetic at — 196 oC has been
inferred in some samples of ophiolite complexes in Newfoundland (Deutsch,
Radhakrishnamurty, Strong, Rao, Pätzold and Likhite, 1973). However,
such small particles in these ophiolites seem to have been formed due to
alteration.

It is possible to study the granulometry of a large number of samples
in situ using portable instruments. The essential magnetic grain nature can
be ascertained at the rate of a sample per few minutes. A few expeditions
made with portable instruments to the rock outcrops have already revealed
that in rock bodies such as flows or dykes the magnetic grain nature is
sometimes uniform and is variable at other times. The latter case might
mean that normal weathering and alteration have caused grain subdivision.
Such studies in situ can aid the choice of samples best suited for palaeo-
magnetic work.

The magnetic grains in basalts constitute a very interesting area for
future work and may contribute to a better understanding of basalt forma—
tion and subsequent alteration.

6. Implications 2‘0 Geomagnetic Anomalies

As described in previous sections, the magnetic properties of basalts
can be quite complex and these in turn determine the nature of the geo—
magnetic anomalies, especially the marine magnetic anomalies. Studies on
dredged samples showed that Qn values varied from 190 to 1 for samples
taken from the axis to the edges of the Mid-Atlantic ridge (Irving, 1970);
the natural remanent intensity also varied in a similar proportion. It was
reported that the Tb of the grains in the samples obtained from the axis
was about 200°C and that of edge samples was around 500°C. These
features have been explained on the basis of conversion of the original
titanomagnetites to titanomaghemites (Marshall and Cox, 1972) and SD
titanomagnetite to SP (Butler, 1973), both operating through an oxidation
process. Another somewhat different but likely explanation for such ob-
servations may be the conversion of SD grains to CD type. The change of
SD to CD nature involves a sharp fall in remanent intensity and also an
increase in Tb or Tc. The magnetic contrast produced by such changes could
cause some anomalies in a profile and these may not be distinguishable
from other anomalies caused by geomagnetic reversals.

Since the anomalies are believed to be caused by remanent intensity
of the rock body, Tb of the grains is a very important parameter in estimat-
ing the thickness of the basaltic layer. Due to the increase of temperature
With depth, thinner layers of low-Tb rock mass and thicker layers of
high-Tb rocks would both contribute to the magnetic anomalies and this
may result in underestimating the thickness of the low- Tb rock layers.
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Abstract. The integrated effect of n repeated shocks on the shock remanent
magnetization (SRM) of igneous rocks is empirically expressed as

[R (H+51Ho‚ . . . .‚ H+5nHo) = JR (co) [1—— <1 — K) exp {— a (n— 1)}1,
(51: ...... =Sn=Sandoc>O),

where

[R (H+5Ho) = KJR (0°) (K < 1),
and [R (00) is approximately proportional to H for its small values and also to S
for its large values.

The integrated effect of n repeated shocks on the shock demagnetization of
SRM is experimentally summarized as

]R(H+S*H051.. ~57») =]R(H+S*Ho) [Koo+(K1—-Koo) eXp {- ß(n-—1)}]‚
(51: ....... =S„:Sand‚5>0),

where
]R(H+S*H05) = K1]R(H+S*Ho) (Koo < K1 < 1),

and ]R(H+5*HOS)/]R(H+S*Ho) is a monotonically decreasing function of
S/H.

However, there is no integrated effect of repeated shocks on the advanced
effect of mechanical shock on IRM. Namely, [R (51 . . . Sui-{+1170} = [R (SH+
Ho), Where fR (SH+ H0) is a monotonically increasing function of S/H and
becomes approximately proportional to S/H for large values of S/H.

Assuming a theoretical model that individual shocks are associated with
statistical fluctuations in regard to their effect on the magnetic domain walls and
the fluctuations can affect the domain walls to move only if the movement results
in a decrease of the magnetostatic energy, the observed integrated effects of
repeated shocks on SRM and the shock demagnetization and no repetition effect
in the case of advanced shock can be reasonably well interpreted.

Key words: Shock-Remanent Magnetization (SRM) — Advanced Shock Effect
on the Isothermal Remanent Magnetization — Shock Demagnetization -- Inte-
grated Effect of Repeated Shocks on SRM, etc. — Piezo-Remanent Magnetization
(PRM) — Nagata—Carleton Theory of PRM.
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1. Introduction

In his previous paper (Nagata, 1971), the author described the general
characteristics of shock remanent magnetization ]R(H+ SH0), the ad-
vanced shock effect on IRM, ]R(SH+H0), and the shock demagnetiza-
tion, ]R(H+HOS) of igneous rocks. Here, ]R(H+SH0) represents the
remanent magnetization acquired by giving a compressive shock momentum
S on a rock sample in the presence of a magnetic field H; ]R(SH+H0) the
isothermal remanent magnetization acquired in Hof a rock sample which was
shocked by S in non-magnetic space before the magnetic field is applied;
jR(H+HOS), the remanent magnetization after the ordinary isothermal
remanent magnetization, ]R(H+H0), is shocked by S in non-magnetic
space. In this notation, H+ means an application of H and H0 a release of
a sample from H, While 5 is given by

5 = It PU) dl, (1)
Where P(z‘) represents a mechanical compressive shock of a short duration
as a function of time (t).

As for the shock remanent magnetization, jR(H+5H0), experimental
results have been summarized for small values of H and large values of S as

]‚;(H+5Ho) = K’H- 5 ,
JË(H+SH0) = m“, (2)

where l/ and _L represent respectively the case Where the direction of H is
parallel to the axis of unaxial shock momentum S and another case Where
the direction of H is- perpendicular to the axis of S, and KIl and Kl denote
material constants Here

3 ‚KlzzK. (3)

As for the advanced shock effect on IRM, ]R(SH+H0), experimental
results are summarized as

]R(5H+Ho)/]R(H+Ho) = F(5/H) ‚ (4)
Where F(5/H)g 1 with F(0) =1 and F(S/H) _~_ NS/H for large values of
S/H, N denoting a positive numerical constant.

The shock demagnetization of IRM, ]R(H+HOS), has been empirically
expressed as

]R(H+HoS)/]R(H+Ho) = G(S/H) ‚ (5)
day/H) _ limWith
76/?)

— — M<Ofor small values of S/H, and (S/H)—>oo C(S/H) = O.
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The dependences of ]R(H+§H0), ]R(SH+H0) and ]R(H+HOS) on
H and 5 thus obtained are essentially the same as those on H and P of the
piezoremanent magnetization, ]R(H+ P+P0H0), the advanced com-
pression effect on IRM, ]R(P+P0H+H0), and the pressure demagnetiza-
tion, ]R(H+H0P+ P0), respectively, where P is a static uniaxial com-
pression, (Nagata and Carleton 1968, 1969 (a) (b): Nagata 1970). Since the
duration of shock pressure P(t) in (1) is very short, being about 0.4 m. sec,
and the functional form of P(t) with t can be approximated by a single
pulse, (Nagata 1971), the effects of 5 in (2), (4) and (5) could be approx-
imately replaced by those of an application of Î) during a short time At,
where Ï’ - A t = Le P(t)a’t; namely, S in (2), (4) and (5) could be replaced by an
operation (Î5+Î’0) With a special condition that At is so short that the effect
of (Î)+P0) on the remanent magnetization might be incomplete in compar-
ison with that of an application andafollowing release of a static pressure P
with a sufficiently long time interval between operations P+ and Po.

Actually, the most conspicuous difference of the shock effects jR
(H+SH0) and ]R(H+HOS) from the static effects ]R(H+P+P0Ho) and
(H+H0P+P0) is a large integrated effect of repeated shocks. The integrated
effect of repeated mechanical shocks was first studied by Shapiro and Ivanov
(1967), who pointed out that the shock remanent magnetization acquired by n
repeated shocks in a magnetic field exponentially increases with n to
approache a saturated value. Similarly, the effect of repeated shock de-
magnetization of IRM was represented by an exponential decrease of the
remanent magnetization with n, approaching the final steady value. In the
results of the previous preliminary study (Nagata, 1971), however, an
increase of n repeated shock remanent magnetization with n is not simply
exponential, and likewise a decrease of IRM by n repeated shock demag-
netization with n is not of a simple exponential form.

It is then obvious that a critical problem in the analysis of the shock
remanent magnetization and shock demagnetization is concerned with
studies in detail on the integrated effect of repeated shocks on the remanent
magnetization. In the present report, therefore, further experimental data
of the effect of repeated shocks on jR(H+SH0) and ]R(H+H05) are
summarized, together with new experimental results on the effect of re-
peated shocks on ]R(SH+H0). A theoretical interpretation of the physical
mechanism of the observed integrated effect of repeated shocks also is
added.

2. General Magnetic Properties and SRM Cbaraeterz'eties of Sample:

For the purpose of the present study, two typical samples, NV—B
(basalt) and NV—K (andesite), have been selected from a number of igneous
rocks whose piezo—magnetic characteristics were already examined in some
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Table 1. General magnetic properties of examined samples

\ Sample NV—B NV—K Unit
properties

Rock Homogeneous basalt Andesite intrusion
(New York, USA) (Antarctica)

Saturation 1.10 2.99 emu/cc
Magnetization (jg)

Saturation remanent 0.320 0.395 emu/cc
Magnetization (IR)

Coercive force (He) 68 97 Oersteds

Magnetic 2.6 X 10—3 ‚ 3.1 X 10—3 emu/cc/Oe
Susceptibility (750)
b 1.0 >< 10’4 3.0 >< 10—6 emu/cc/Oe2

C 9.2 X 10-6 1.6 X 10‘6 emu/cc/Bar. Oe
[Je 8.9 >< 10—2 5.2 >< 10“1 Oe/Bar
K 2.3 X 10‘2 8.2 >< 10—3 emu/cc/Bar.

Sec. Oe

detail (Nagata and Carleton 1968, 1969 (a)). In Table 1, saturation magnetiza—
tion Us), saturation remanent magnetization (f3), coercive force (H0),
initial magnetic susceptibility (x0) and the coefficient of isothermal re-
manent magnetization (b) of these two samples are summarized, where b
is the coefficient of isothermal remanent magnetization (IRM) in its well
established parabolic dependence on weak external magnetic fields (Hex):
namely b =(IRM)/Hex2. As shown in Table 1, the coefficient (b) of IRM
is much smaller in sample NV—K than in sample NV—B, though the mag—
netic susceptibilities are roughly the same in the two samples.

On the other hand, characteristics of the piezo-remanent magnetiza-
tion (PRM) and the pressure demagnetization effect of samples NV—B
(Nagata and Carleton 1968) and NV—K (Nagata and Carleton, 1969 (a)
(b)), acquired by static uniaxial compressions, have already been studied
in detail. In these previous studies, a linear relationship between PRM,
]R(H+P+P0H0), and the product P ><H for small values of H and
large values of P was established; namely,

]R(H+P+P0Ho) = C- H- P . (6)
The coefficient C of the two samples is given in Table 1. The coefficient, C,
also is smaller in Sample NV—K than in sample NV—B, but the ratio,
C(NV—K)/C(NV—B) is considerably larger than the ratio b(NV—K)/
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b(NV—B). This result may suggest that the effect of mechanical pressure
relative to that of an applied magnetic field in the acquisition of remanent
magnetizations is considerably larger in sample NV—K than in sample
NV—B. ]R(H+P+P0HO) is theoretically expressed (Nagata and Carleton
1969 (b)) as

16
]R(H+ P+ PoHo) = g; bHHc ‚ (7)

With
3].,

HC=V2—]‘SP=IJCP: (8)

Where Ä: represents the isotropic magnetostriction coefficient. be thus defined
represents the rate of contribution of a unit uniaxial pressure to the ac-
quisition of piezo-remanent magnetization. In Table 1, the numerical value
of lac is considerably larger in NV—K than in NV—B.

In accordance with the general magnetic properties and the PRM
characteristics thus obtained in the previous studies, sample NV—K has
been selected as a typical igneous rock which has a comparatively large
effect of mechanical pressure on remanent magnetization, while sample
NV—B has been chosen as an igneous rock whose magnetoelastic depend-
ence is comparatively small but whose basic isothermal remanent magnetiza-
tion is sufficiently large for detecting the comparatively small magneto-
elastic effect.

In Fig. 1, examples of the dependence of ]R(H+SH0) upon 5 in a
constant magnetic field for the two samples are illustrated. As anticipated,
]R(H+H0) is much smaller in NV—K than in NV—B, but the rate of
increase of ]R(H+SH0) with increasing values of S is much larger in the
former than in the latter. For small values of H With a sufficiently large
value of S, ]R(H+SH0) of these samples is approximately proportional
to H as summarized by (2). Numerical values of coefficient KI,

defined by (2)
of the two samples are given in Table 1. Again, the ratio K"(NV—K)/
K”(NV—B) is considerably larger than b(NV—K)/b(NV—B).

In Fig. 2, the dependence of ]g(SH+H0)/jR(H+HO) upon S/H is
illustrated for the two samples. As shown in the figure, the advanced
shock effect on IRM also is markedly larger in NV—K than in NV—B.

3. Integrated Efleet of Repeated Meebanz'eal Snack:
on Sboek-Renzanent Magnetization

In Fig. 3, results of experimental tests of the integrated effect of repeated
mechanical shocks on the shock remanent magnetization of sample NV—B
are illustrated for two different values of S in a same magnetic field H. In
this case, the experimental procedure to obatin the repeated shock remanent
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Fig. 1. Dependence of shock remanent magnetization acquired by a single uni-
axial shock in the presence of a magnetic field (Hex) upon shock momentum (5).

Fig. 2. Relationship between ratio S/H and ratio of IRM acquired by a sample
which is impacted by a single uniaxial shock. in advance of the acquisition of

IBM, jg (SH'+HÜ)‚ to the ordinary IRM, ]R(H+Hn)

magnetization is symbolically expressed as ]R(H+51Ho, ------ , H+5flHÜ
where 51:52=* - - - =5”: : that is, H is applied on the sample
before individual shocks 51; (l g i g a!) and H is removed after the individual
5i operations. The other definition of the repeated shock remanent mag—
netization may be symbolically expressed as ]R(H+51' - . -5nH0). Within
the limit of experimental errors, however, no difl‘erence has been found
between ]R(H+51H0‚ ----- , H+5nHo) and ]R(H+51 ----- 51,1510). We
may conclude therefore that

]R(H+51H0, """ ‚ H+5nH0) =]R(H+51' ' ' '5aH0)- (9)

In Fig. 4, the dependence of ]R(H+51 ***** .5a) of: sample NV—HK
upona‘ is illustrated for two different values of 5 in the same magnetic field.
It is shown in these figures that ]R(H+51H0,' - * -, H+5a) or
]R(H+51 ----- SnHo) increases with an increase of a and tends to approach
the final saturated value. In general, the larger part of „WEM is acquired by
the first shock and then ]R(H+51H0,- - * -, H+5nH0) or ]R(H+51 -----
SHHÜ) gradually increases with n > 1, whence it does not seem possible to
represent the dependence of ]R(H+51Ho,- - - -, burial-Io) or ]R(H+51
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Fig. 3. Dependence of repeatedly shocked SRM, ];;(ff+511-Ig,. . ., H+SflHg),
on :2. Sample: NV—B

Fig. 4. Dependence of repeatedly shocked SRM, ]R(H+51 . . . SflHo) on H.
Sample: NV—K

Sal-In) upon n by a. simple functional form for the whole range from H = 0
to n = Do. Then, it is natural to assume that the 7: repeated SRM consists of
the effect of the first shock and the additional integrated effect of rar—1
succeeding shocks. Namely,

]R(H+51Ho‚ """H+5nHo) = ]R(H+51Ho) + ]R*(fl)‚ (10)
where

JET” + 0°) =JR*(D°)- (11)

]R*(oo) u]R*(n) values of the two samples are plotted against n g 1 for
different values of: S in Fig. 5 and 6, which may lead to an empirical depend
ence of]R*(n) upon fl, expressed by

]R*(n) =jR*(oo)[1-—exp{——oc(n—1)}] , (12)

where a: is a material constant depending also on H and 5.
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Fig. 5. A linear dependence of logr [];g(00)w]R(H+51. .. 571199)] on a for

sample NV—B
Fig. 6. A linear dependence of log []R(00)-]R(.H+Sl... 573553)] on a for

sample NV— K

Putting

]R(H+51H0) +flz*(°°) :]R(oo) , (13)
and

]a(H+51Hu) = K]R(°°)> (47411) . (14)
we get from (10), (12), (13) and ('14) that

]R(H+51Hg‚ ***** 7114.5a) =]R(oo)[1—(1——K)axp {—oc(n— 1)}j. (15)

Numerical values of coefficients K and a: in (15) derived from observed
data shown in Figures 3 through 6 are summarized in Table 2.

Table 2. Shock remanent magnetization parameters

H 5 K a

(Oc) (Bar. See)
(Sample NV—B) 1.69 0.117 0.779 0.414

1.69 0.0292 0.552 0.301
(Sample NV—K) 3.37 0.0424 0.550 0.198

3.37 0.0283 0.550 0.157
4.50 0.0200 0.733 0.343
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Fig. 7. Dependence of ratio ]H([{+5*H051 . . . En) tD ]H(}I+5*HÜ) upon a,
where fn(H+S*Hg.S'1 .. . .5") denotes the intensity after repeatedly shock

demagnetized by .5“ of SRM acquired by 5* in H. Sample: NV—K

4. Iategmfed Eflac‘f af Repeated M'srbmtiral Slasher or: Slant/é Demagssrizah‘ee

The shock demagnetization effect was originally defined in terms of the
demagnetization of IRM, ]R(H+HD)‚ by a mechanical shock in non-
magnetic space (Nagata 1971). The remaining magnetization after a
repeated mechanical shocks on ]R(H+H0) has been noted by jä(H+
Hgfl- - En), 51 :52:- - - - :5” =5, when the axis of shock momentum
5 is parallel to the direction of JR (H+HU). When the axis of 5 is perpen—
dicular to the direction of ]R(H+ H0), j}; in the above—notation is replaced
byjfi. In both cases of: j}; and jä, jR(H+H0.Y1- - . '5”) decreases with
an increase of a and approaches a final steady value. In this case also, the
major decrease of remanent magnetization takes place with the first shock
and succeeding shocks cause an exponential decrease with increasing values
of at.

In the present sequence of experiments, the repeated shock demaga
netization effect on the SRM acquired by a single shock (5*) in the presence
of a magnetic field (H) has been studied. The remanent magnetization after
repeated shocks in non—magnetic space of a rock sample having an initial
SRM, ]R(H+5*Hg), will be noted by ]Ä(H+5*H051' - - *5”) Where
51 :- - « 2.52,.z :5. Here jR represents that the axes of 5* and 5 and the
direction of H are all parallel to one another. Fig. 7 illustrated four ex-
amples of the dependence of ]Ä(H+5*H51)- - - -5fl)/]1Ë(H+5*H) on
I: for Sample NV—K, where His the same in all the four cases but two cases
of 5*:5 are illustrated together with cases of 5*}5 and 5* 4:5. As
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Fig. 8. Dependence of ratio ]H(H+S*H051 . . . Sn) to fn(f2l+.5"*h’n) upon a,
where ]H(H+5*HÜ51 . . . . 5”) denotes the intensity after air-time repeatedly shock-

demagnetized by 5 of SRM acquired by 5* in PI. Sample: NV—K

shown in Fig. l, the intensityr of ]R(H+ 5*H0) is larger for a larger value
of 5* in a same magnetic field (H). In Fig. 8, similar examples of the depend
ence of ]R(H+5*H051 ----- 5„)/]R(H+ 5*H0) on a are illustrated for
sample NV—B.

In all these experimental data, the relationship of ]R(H+5*H051- - min)
with n is found to consist of an initial sharp decrease caused by the first
shock and a gradual exponential decrease by succeeding shocks toward the
final stead},r value. These results may be empirically summarized as

]R(H+S*H051) = K1]R(H+5*HD) (K1 {1).(16)

ÄäflmJR(H+5*H051'
' ' '5”) =]R(DO) = Km]R(H-|—5*HQ),

(17)
(K1 — KŒÇÏ),

and

]R(H+5*H051- - - un.) — Kœ]R(H+5*HÜ)
(18)—-—- (K1 — Kœ)]R(H+S*HÛ) exp {—ß(n— 1)}, (for „g 1.).

Hence,

]R(H+5*H051' ‘ "5”) =JR(H+5*HD)[KDÜ+ (K1 _ K00) X
(19)EXP {—W— 1}]-
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The empirical formula (19) describes the experimental results of shock
demagnization effect shown in Figs. 7 and 8. Numerical values of para-
meters K1, K00 and ß for various different cases are summarized in Table 3.
It may be generally concluded from Figs. 7 and 8 and in Table 3 that K1
and Koo are smaller for larger values of S when 5* and H are kept invariant.
This is one of general characteristics of the shock demagnetization effect. It
must be further noted that (K1 — Kœ)/(1 — Koo), which represents a part of
the integrated effect of succeeding repeated shocks for n>1 among the
total shock demagnetization, becomes considerably smaller in the case that
5 is appreciably larger than 5*. This result may indicate that the first shock
(51) in non—magnetic space can result in a nearly complete shock de-
magnetization effect so far as S is appreciably larger than 5*.

5. Integrated Efieet of Repeated Advanced Meelyam'eal Shock: on IRM

It seems that the most significant key phenomenon in a direct connection
with the physical mechanism of various effects of a static pressure or a
mechanical shock on the remanent magnetization of rocks would be the
advanced compression effect (Nagata and Carleton 1968, 1969 (a) (b)) and
the advanced shock effect (Nagata, 1971) on IRM, which are symbolically
noted by ]R(P+P0H+H0) and ]R(SH+H0) respectively. These phe-
nomena can not be interpreted by the irreversible rotation theory of spon—
taneous magnetization of single domains proposed by Nagata (1966),
Kinoshita (1969), Dunlop et a]. (1969), but they can be reasonably well
understood, together with all the other effects of P or S upon the remanent
magnetization, by the irreversible movement theory of the 90 ° domain walls
proposed by Nagata and Carleton (1969 (a) (b)). As already shown in Fig. 2,
]R(SH+H0) markedly increases with an increase of 5 beyond a certain
critical value when H is kept constant, whereas ]R(S) is always zero just
as ]R(P+P0) =0 regardless of the magnitude of P. However, the inner
condition of ]R(S) of a sample must not be the same as that of the initial
virgin state which has not yet been shocked by .S' in non-magnetic space,
because ]R(SH+H0) >]R(H+Ho) as summarized by (4). It‘- has been
experimentally proved that the inner condition of jR(S) state can be
practically reduced to the initial virgin state, ]R(O), by the ordinary AF
demagnetization procedure, because IRM acquired by any shocked rock
sample after a sufficient AF-demagnetization procedure is always identical to
]R(H+Ho)-

Another problem is concerned with the integrated effect of repeated
shocks in non—magnetic space in advance of an acquisition of IRM, i. e. a
possible dependence ofjR(S1 - - °S„H+Ho) upon a. Fig. 9 shows a summa-
ry of results of experimental studies on the dependence of ]R(5'152° - ° °
SnH+Ho)/]R(H+Ho) on n of sample NV—K for different values of .S'
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Fig. 9. Constancy of repeated advanced shock effect, which is practically in"
dependent of :2. Sample: NVHK

and „H, where 51 = ' ' ' - 257,25. It seems in Fig. 9 that]R(5H+HD) is
slightly smaller than ]R(55H+HD) for smaller values of S/H but]R(Sl- - -
5„177+ Ha) is practically constant for ”il“ 2. Approximately speaking,
therefore, there is no appreciable integrated effect of repeated advanced
mechanical shocks on IRM, that is,

]R(51- - - -5„H+Hg) =]R(5H+Ho) (20)

Results of the similar experiments on sample NV—B have led to the
same conclusion, though the accuracy of measurements for this sample
is less than that for sample NV—K.

6. Threaten-ire! Discussion; of Experimem‘al Kamin

In summarizing the foregoing experimental results, one may conclude
that both phenomena of the shock remanent magnetization and the shock
demagnetization are subjected to the integrated effect of repeated shocks;
the effect of repeated shocks in the two phenomena can be divided into
the major effect of the first shock and the additional integrated effect of
succeeding shocks approaching in an exponential form to a final saturated
value. On the other hand, no appreciable effect of an integration of succeed-
ing repeated shocks can be observed for the effect of advanced shocks on the
acquisition of IRM. The most significant difference of the effects of repeated
shocks on jR(H+51* * {ni—10) and ]R(H+5*H051* - ' *5“) from that on
jR(51- . * *5„H+Hg) would be that the spontaneous magnetization (jg)
in individual domains in the former case is subjected to the magnetostatie
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energy when the mother sample is repeatedly shocked, while in the latter
case there is no magnetic field and no bulk magnetization and consequently
no bulk magnetostatic energy is involved in the mechanism for possible
changes of domain configurations to be caused by repeated shocks in non-
magnetic space.

As already discussed (Nagata 1971), it seems that the most reliable and
unified theoretical interpretation of the phenomena of shock remanent
magnetization, shock demagnetization and advanced shock effect on re-
manent magnetization is based on the idea that both the magnetostatic
force introduced by a magnetic field and the magnetoelastic force introduced
by a mechanical shock or pressure irreversible drive the 90° domain walls
so that the total potential energy takes the minimum possible value at
individual stages during the whole course of respective experimental
procedures. The basic condition required for acquiring the remanent
magnetization in the above theory is based on the Rayleigh’s parabolic
relationship between H and IRM, i.e. ]R(H+H0) =bH2.

In the present case dealing with the effects of mechanical shocks of a
short duration time (~0.4 m. sec.)‚ the dynamic motion of the domain
walls passing over the internal energy barriers should be subjected not only
to the magnitude of a pressure peak of a given shock but also to the kinetic
energy of propagation of the shock pressure peak and the thermal fluctua—
tion of energy barriers themselves. In brief, individual shocks (52-) may be
associated with fluctuations in both positive and negative sides. (A) Let us
now assume that the effective value of Ho working on individual 90°
domain walls has statistical fluctuations in each shocks, an individual H6
value being expressed as

H0 = H60 + E > (21)

where the distribution function P (E) of 5 is represented by a finite symmetric
function around E = O su ch as

119(5) = „i; (/70- 5)v for 0; 5; b0 ,
1+); (22)

= m (130+ Ô” for —/Jo§ ES. 0.

For the whole set of 90° domain walls, the average value of H6 is H60, and

0 hLa man's = f 0° modes = ä.
(B) As the second assumption, we may consider that repeated shocks fol-
lowing the first shock give rise to additional effects on individual walls only
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Fig. 10. Schematic model of a pair of (+) and (—) 90° domain walls

when the effects result in decrease DE thc magnetostatic energy. These two
basic assumptions, (A) and (B), seem to be reasonably acceptable.

In the Nagata-Carleton theory of the piezoremanent magnetization, a set
DE pairs of 90° domain walls as illustrated in Fig. 10 is considered as a set DE
basic elements: the direction DE spontaneous magnetization (Js) is antiparal-
lel to each other between the two elemental domain configurations in a
pair. When the direction DE [:Ï makes an angle 8(0 3, 6 = arr/4) with the Js
direction in domain (I) on the left side DE Fig. 10, (—)90° domain wall
moves from the domain (I) side to the domain (II) side, while (+)90°
domain wall does from the domain (II) side to the domain (1) side, both
movements resulting in an increase DE magnetization along the direction DE
H. IE the axis DE an applied mechanical compression P is parallel to the
direction DE H and the material compressed has a positive value DE isotropic
magnetostriction coefficient (III), a (-— )900 domain wall is derived by P from
the domain (II) side to the domain (I) one, while a (+)90° wall also from
the domain (II) side to domain (I) one, provided 0 g 0 a 31/4. Namely,
both H and P affect the (+) domain wall to increase the magnetization
along HT, while P affects the (H) domain wall to decrease the magnetization
along H though H always affects the (m) domain wall to increase the
magnetization along H. Thus, He’s defined by (8) which are working on
the (—l—) and (—) 90° domain walls can be noted by He”) and Hal—3' respec—
tively.

(a) Integrated Effect DE Repeated Shocks on Shock Demagnetization

Since the mechanism DE shock demagnetization DE a remanent magneti-
zation is simpler then the other two cases, the integrated effect DE repeated
shocks on the demagnetization will first be theoretically discussed. In the
case DE a static pressure demagnetization, ]Ä(H+H0P+PÜ) is theoreti-
cally expressed (Nagata and Carleton l969(b)) as

. 16 H]R(H+H0P+ P0) = ]R(H+Ho) (1 — E E?) for Hag H (23)
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which consists of

11;(H+HOP+PO)= â— ]R(H+Hc) + ä— ]R(H+Hc) (1—1332; A?) . (24)
Namely, only the (—)90° domain walls are affected by the demagnetizing
compression, as far as Hag H. As for an individual pair of 90° domain
walls also, only the (—)90° domain walls are affected by the demagnetizing
compression provided that the component of H6 along the direction of]:
in domain (I) is smaller than the component of H along the same direction;
when the former becomes equal to or larger than the latter, the remanent
magnetization of the pair is completely demagnetized, becoming zero.

Let us now consider the integrated effect of repeated shocks which are
represented by (21) and (22). The probability that nth shock is larger than
(72—— 1)th shock is 1/2. i. e.

119(5 >Sn—1) = 1/2.

Then, expressing the average value of Hc of all (52 >51) walls by

H6 = H60 + b2)

we get
1 1

122 = ho {1 —- (5)13} (25)

Further, we can get in general
1 n—lI], :50 {1— (ï)m}. (26)

Then, replacing jR (H+H0P+ P0) in (24) by jR (H+H051 . . . . Sn),
HcH in (24) can be written as

i

n—l
Hc<—> (n) = Hc°+bn = H50+ b0 {1— (—3174

(27)
1112= Hc0+bo [1 -— exp {-—- 1+y(n—1)}].

Thus,

]12(H+H051. . .sn) =]R(H+Ho) ><
16 Hc0+bo 16 b0 ln2 (28)

{Mg—H) + ïäï'ÿexp [___1+7(”—1)]}'
16 H00 b 0 1 2

IfWCputl—îg;
5°EKw‚l—-ilS—67;%EK1‚-i—:T;Eß,thenthe

theoretical expression (28) becomes identical to the empirical formula (19).



|00494||

482 Takesi Nagata

(b) Integrated Effect of Repeated Shocks on the Acquisition of SRM

In the case of a static piezoremanent magnetization, j1Q (H+ P+P0H0)
for large values of P and small values of H can be represented by (7), which
consists of two components (Nagata and Carleton [8]) in such a form as

. 16 16 32
]R(H+P+P0Ho) = 57-! bHHc == E bHHc(+)—|— T57: bHHcH. (29)

In the presence of a magnetic field H, an increase of magnetization
causes a decrease of the magnetostatic energy. In regard to an individual
pair of (+)90° and (—)90° domain walls, the piezoremanent magnetization
of the pair in the case of Hc* ; 2 H* is expressed as

]1§(H+P+P0H0) = â- {(H„*<+>)2 + 2Hc*<+>H*}
b (30)

+ ï {4Hc*(->H* — (Hc*)2} — kHz,

Where Hc* and H* denote respectively the 'components of H: and H along
the direction of j: in domain (I) relative to those along the direction of j;
in domain (II). If Hc*>4H* in (30), an increase of Hc*(-) results in a
decrease of the remanent magnetization so that an increase of Hc*(—) by
repeated shocks is forbidden in the present model. If 4H* >Hc*g 2H*
on the other hand, an increase of Hc*(") also is allowable. Since the case of
large values of H6 and small values of H (i. e. the case that H2 can be
neglected in comparison with 3HHc) is experimentally dealt with, we may
consider that Hc* >4H* in the present case.

Thus, similarly to the case of shock demagnetization, the integrated
effect of repeated shocks on SRM can be theoretically given by

‚ 32 16
]R(H+51 . . . SnHo) = 1—5; IaHHc0 + m bH(H¢0 +bn)

16 16 ln2 (31)

16
’ Ë;
l Z .]R*(oo), and 1—175 oc, the theoretical result (31) is found to be identical

Putting then bHHco = ]R(H+51H0) E K ]R(oo), 315—: 1711190 E

to empirical formula (15).

(c) Integrated Effect of Repeated Advanced Shocks on IRM

The integrated effect of repeated advanced shocks on IRM is essentially
different front the above-mentioned two cases, because there is no bulk
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magnetostatic energy in]R(S) norjR(S1 ' - - 6),); namely, ]R(S) = ]R(51 - - °
Sn) = O in H = O space. However, the domain configuration of state ]R(S)
should be different from the initial state j12(0), which represents the vergin
state before an application of S in H = O space. In Nagata—Carleton theory
of the effect of advanced static compression on IRM, ]R(P+P0) for large
values of P can be decomposed into two components such as

16 16]R(P+ P0) .—_ ‘15. b(Hc(+))2 — E; b(Hc(-))2 = 0. (32)

If HOW :l: Hd"), ]R(P+ Po) must have either positive or negative remanent
magnetization and consequently a certain finite amount of the magneto-
static energy must appear, whence Hc(-) must be equal to H6”) as far as
any acquisition of a finite magnetostatic energy is forbidden in H = O
space. In the case of [3(5) or j3(51- - ah), the situation must be the same
as in the case of ]R(P+ P0). Namely, the magnetically neutral state, ]R(S)
or ]R(51- ' 4),), can be considered as an assemblage of a large number of
pairs of Ha”) and HCH domain walls, where Ho”) = HCH in each pair.
Even if we assume that both H6”) and HCH are allowed to take any value
between H00 — b0 and H60 + b0, the required condition of He”) = HCH
for individual pairs may strictly limit alowable values for HOW and HcH,
i. e. the allowable values for individual shocks must to Ho”) = HcH =
H60 —|— E (— bog 5; b0) for each pair. The probability that both Ho”) and
HCH simultaneously take the same value of H6° + 5 is negligibly small. Since
the average value of H00 + E is H60, we may write

]R(51' ' 'Sn) =]R(5) = ä; b [(Hc°)2- (H00)2] = 0. (33)

Then, (33) theoretically leads to

n n 16112(51' - -S„ H+Ho) = ]R(SH+H0) = T57: b HHcO, (34)

for sufficiently large values of Hco/H. (Nagata and Carleton 1969(b)).
Namely, there is no integrated effect of advanced repeated shocks on IRM.

7. Concluding Remarks

In the previous section, 1,301+HoSl- - s”), jg(H+51- . oao) and
]13(51 ~ - ~5nH+H0) are theoretically discussed. In Section, 3, 4 and 5,
however, experimental results on ]1§(H+51Ho, .. -H+5„H0)‚ jg(H+s
° ' -S„H0)‚ ]Ä(H+S*H051° - -S„‚) and 15%:(51‘ - -S,,,H+Ho) are described.
As already mentioned in Section 3, it has been experimentally demonstrated
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that ]R(H+51Ho, ' ' H+5nH0)=]R(H+51' ' SnHo). From the the—
oretical viewpoint also, this equality between ]R(H+51Ho, - - - ,
H+5nH0) and ]R(H+51° ' °5nH0) can be easily obtained, because
]R(H+51H0, - - -, H+5n) = ]R(H+51- . -5n) in repeated Rayleigh’s
hysteresis loops. Hence, the theoretical expression of ]R(H+51- ° -5nH0)
can stand for experimental results for ]R(H+51Ho, . ° -, H+5„H0)
and ]R(H+51° - -5nH0). As for the repeated shock demagnetization on
IRM, experimental results on ]R(H+H051' - ~5n) have already been re-
ported in a previous paper (Nagata, 1971). In Section 3 of the present paper,
new experimental results on the repeated shock demagnetization on SRM,
]R(H+5*H0 51 - - -5n), are described. As far as 5* g 5, however, the
general characteristics of ]R(H+5*H051- - ‘5”) can not be different from
those of jR (H+H051- - '5”), because ]R(H+5*H0) simply corresponds
to ]R(H’+H’0) for H’ which is larger than H. Hence, the present theory of
]R(H+H051~ - -5n) can stand for both ]R(H+H051° . -5n) and ]R(H+
+ 5*H051° - '5”) for 5* g 5. If 5* < 5, however, the demagnetization
characteristics become a little complicated. If H00(5) is larger than Hc°*
(5*)+ H, ]R(H+5*H0) is completely demagnetized by the first shock S.
Namely,

]R(H+5*Ho5) = 0 for [1760(5) >Hc°*(5*)+H.

If Hc°*(5*) < H60(5) < Hc°*(5*) + H, on the other hand, the equivalent
expression in terms of the pressure demagnetization of piezoremanent
magnetization can be written as

1
]R(H+P+*P0*H0P+PO) = ”2“]R(H+P+*P0*H0)

1 32 HcH P)+ 51R (H+P+*PO*H0) [1—753 ——-ÿ(——]. (35)

The mathematical form of (35) is the same as that of (24), whence ]R(H+
5*H051- - ~5n) can be theoretically represented by (28) in the present
case also, where ]R(H+Ho) on the right hand side of (28) must be re—
placed by ]R(H+5*H0). In experimental results for 5 >5* in Table 3,
the observed values of K1 are very small and K1 — Koo values are further
smaller compared with the cases of 5 < 5*. This would be the case of Hc°(S)
NHc°*(5*)+H and consequently ]R(H+5*H05) z O.

In the present model, oc and ß in empirical formulae (15) and (19)
respectively are theoretically represented by

ln2
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Table 3. Shock demagnetization parameters

485

(K1 —K °°)
H 5* S K1 K 00 ß (1 ——K 00)

(Oc) (Bar. (Bar.
Sec) Sec)

(Sample NV -— B) 1.69 0.117 0.117 0.356 0.098 0.326 0.286
1.69 0.117 0.0292 0.540 0.360 0.142 0.281
1.69 0.0292 0.117 0.128 0.121 0.428 0.008
1.69 0.0584 0.117 0.119 0.088 0.935 0.031

(Sample NV—K) 1.37 0.0424 0.0424 0.408 0.085 0.595 0.353
3.37 0.0424 0.0272 0.664 0.420 0.272 0.421
3.37 0.0283 0.0283 0.535 0.210 0.552 0.411
3.37 0.0283 0.0424 0.122 0.027 0.364 0.098

Experimentally observed values of at in Table 2 and those of ß for cases of
S; 5* in Table 3 range between 0.16 to 0.41 and between 0.14 to 0.60
respectively. These ranges of oc and ß correspond to y = 3.3~0.7 and
y = 4.0 ~0.2 respectively. It seems likely in the observed values of oc and ‚B
that the larger values of S correspond to the larger values of oc or ß and
consequently the smaller values of y, if the other parameters, H and 5*, are
kept constant. As defined by (22), the probability function p(£) has a
flatter distribution with respect to ’g‘ with a decreasing value of )1. It may be
concluded therefore that a larger shock is associated with a broader distribu-
tion of fluctuation (E).

The present theoretical interpretation of the integrated effect of repeated
shocks on the shock remanent magnetization, the shock demagnetization
and the advanced shock on IRM is based on an idealistically simplified
model (A) that any additional movement of the 90° domain walls which
gives rise to an increase of the magnetostatic energy is forbidden as far as
the driving force is due to statistical fluctuations of applied shocks, and (B)
that the fluctuations 5 in Hc are assumed to be distributed between — b0
and + b0 around the average value Hcoin such a form as represented by (22).
The first assumption seems to be too strict; that is, an increase in the
magnetostatic energy could be allowed to a certain small extent in actual
cases. Quantitatively speaking, therefore, the theoretical results given by
(28), (31) and (34) can be more or less unsatisfactory for explaining details
of the experimental results represented by (15), (19) and (20) respectively.
As far as general characteristics are concerned, however, it may be con-
cluded that the present theoretical model can reasonably well explain the
observed characteristics of the integrated effect of repeated shocks in the
three types of process.



|00498||

486 Takesi Nagata

Another problem in relation to the effect of repeated mechanical shocks
on rock magnetization would be possible effects of natural or artificial
seismic shocks on the magnetization of the earth’s crust, as already pointed
out by the author (Nagata 1969). Actually, Undzendov and Shapiro (1967)
observed irreversible changes in the geomagnetic field caused by artificial
seismic shocks. In their studies, artificial explosions using gunpowder
were operated five times nearby two magnetograph stations to give the
seismic shocks to the subterranean magnetized body which is associated
with a geomagnetic anomaly of about 15,000 y in vertical component. The
observed geomagnetic field changes consist of (a) magnetic spike which
takes place simultaneously with a seismic shock and (b) an irreversible
change of several gammas in magnitude. The first type change may be
largely due to mechanical vibrations of the magnetograph, tough a part
of the change is to be due to the reversible effect of a mechanical shock on the
magnetic susceptibility of rocks. However, the second type irreversible
change can be considered to be due to the shock remanent magnetization
or the shock demagnetization of the magnetized subterranean body.
According to the investigators’ estimate, the shock stress induced by the
seismic waves is in the order of magnitude of 1~2 kg/cmz. If the observed
irreversible change is assumed to be attributable to the shock demagnetiza-
tion effect, a decrease in the geomagnetic anomaly by about 10 y could be
expected. It seems that studies in detail on possible effects of destructive
natural earthquakes on the earth crust’s magnetization would be extremely
interesting.

In the end of this short paper, the author wishes to express his sincere thanks
to Dr. M. D. Fuller of University of Pittsburgh for his fruitful discussions on this
work.
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Abm'act. Measures of the intensity of the paleomagnetic field derived by
studying lava from the 1963 and 1967 eruptions on Surtsey and the 1971 eruption
on Etna, have been compared to the known field. Methods used were the com-
parison of the partial TRM removed from the NRM with the partial TRM
produced in a known field, in increasing temperature steps, as described by
Thellier and the NRM as a fraction of the saturation remanence compared to the
TRM in a known field, as a fraction of the saturation remanence after heating, all
in increasing AF demagnetization steps, as described by Carmichael.

The single heating of the second method caused less alteration in general, but
in most cases additional magnetic oxide was produced and in some samples the
composition was changed as detected by the zero field Curie point curves and the
AF profiles of the various remanences. In spite of the changes detected in some
samples, measures of the field judged to be reliable to about 10%, were obtained
from all the lavas.

The results from these recent lavas lend credibility to paleomagnetic field
intensity measures showing the earth’s magnetic field to have been similar in
strength to the present field except during the Paleozoic era when it was much
weaker. In magnetic anomaly interpretation, it is only for rocks of the Paleozoic
era that it is safe to assume that the remanent component is negligible compared
to the induced component.

Key mords: Paleomagnetic Field Intensity —- Remanent Component.

Introduction

Magnetic anomaly interpretation attempts to infer the properties of the
rock bodies causing the anomalies. In any such procedure some assumption
must be made about the contribution of remanent magnetization. Fre-
quently it is assumed that the remanent component is negligible and this is
often valid as a first approximation.

There are numerous instances however, where remanent magnetization
cannot be ignored, perhaps the most notable being the anomalies due to the
remanent magnetization of the thin veneer of basalt on the ocean floor.
Almost everyone can draw on personal experience for other examples
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Fig. 1. A portion of the aeromagnetic map 110G, Geological Survey of Canada
1953, showing the negative anomaly near \Vilberforee, 45° TN 78° 15'W. It is
due to the inverse remanenee of less than 1% magnetite in the form of small

needles in pyroxene

where remanent magnetization has been important. Fig. 1 shows the
anomaly over a pvroxenite body“ near Wilberforce, Ontario, Canada that
was drilled in the hope of finding a massive hemoilmenite deposit. The
anomaly is due entirely to the strong inverse remanenee of magnetite
needles in the pvroxenite even though the magnetite content is less than 1%
(Palmer and Carmichael, 1973). Another example is the ease of a deposit
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containing up to 20% iron oxide in the Allard Lake region of Quebec,
Canada, (Carmichael, 1964) in which a balance of induced and remanent
magnetization produced a negligible anomaly.

There are a number of magnetic parameters that determine whether
remanent magnetization contributes significantly to an anomaly but only
the intensity of the earth’s magnetic field at the time the rock formed is
being considered here. The intensity of the field has varied over the past
few thousand years by a factor of 4, from about one half to twice its present
value and this has probably been the case in the past (Smith, 1967). Such
field intensity changes will have a noticeable effect on the ratio of remanent
to induced component but larger changes will be more significant.

Infemity Melboa’:

In general paleomagnetic intensity methods involve a comparison of the
natural remanence of a sample with the thermoremanence produced in a
known field. Difficulties arise with samples whose magnetic oxides have
undergone chemical change after they received their original magnetization
or during the heating to produce a thermoremanence in a known field.
Metamorphism that involves heating above the Curie point of the magnetic
minerals is not a problem except that the field being measured is that
present during the final cooling at the end of the metamorphic episode, not
the field when the rock was originally formed. Chemical change at tempera-
tures below the Curie point can cause considerable difficulty since these can
alter the amount of magnetic oxide and its magnetic properties. The most
common alteration of this sort is the low temperature oxidation of magnetite
to maghemite. The maghemite is magnetically soft but can account for a
considerable portion of the natural remanence. Heating to produce a therma-
remanence will usually convert the maghemite to hematite which has a
much lower specific magnetization. Unless the problem is recognized, such
samples can give measures of plaeomagnetic field intensity that are too high.

Chemical changes taking place during heating to produce a thermo-
remanence can either reduce the magnetization by such changes as con-
verting a magnetite phase to a less magnetic hematite phase or can increase
it by precipitating a magnetite phase out of the silicates. Small changes of
this sort, less than 15% say, can be allowed for provided one knows they
have taken place. Techniques of alteration detection involve direct exam—
ination of the magnetic minerals by ore microscopy, X-ray diffraction and
microprobe analysis and indirect examination by comparing Curie point
curves, saturation remanence and coercivity spectra of the sample before
and after heating.

There are many different procedures used for calculating paleomagnetic
field intensity but most are variations of two general techniques. The first
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was developed by Thellier (Thellier and Thellier, 1959) and involves a
comparison of the partial natural remanence destroyed by heating in steps
to higher temperatures and cooling in zero field, to the partial thermo-
remanence produced in a demagnetized sample upon heating it over the same
temperature intervals and cooling in a known field. This procedure was devised
for bricks, tiles and pottery in which the magnetic oxide is usually a mag-
netically hard and very stable hematite. It can also work well with rocks
that are unaltered by repeated heating. The second general method uses a
single heating and cooling in a known field with some form of demag-
netization to remove soft components and various ways of detecting
chemical change. The procedure used here (Carmichael, 1968) corrects
for some destruction of magnetic oxide or production of new oxide in the
heating process, and computes the intensity as recorded in a range of
coercive force components Chemical change is detected by microscopic
examination of the oxides, by comparing curves of the thermal decay of the
natural remanence in zero field with that after heating and by comparing
curves of alternating field demagnetization. Changes in shape of the thermal
decay curves and changes in the zero field Curie temperature indicate
chemical alteration of the magnetic minerals, and changes in the saturation
remanence by the heating indicates changes in the amount of these minerals.
Thermoremanence is produced by cooling in a 0.5 oersted field from a
temperature 50 °C above the temperature at which the natural remanence
is destroyed. This minimizes alterations due to heating and avoids mag-
netizing higher Curie point components, such as hematite formed from
maghemite, that did not contribute to the natural remanence. The paleo-
magnetic field intensity is calculated as a factor relative to the present field
intensity as 7 by

NRM TRM 0.5
/ ( 0€) >< latitude factorSRMn SRMh

where NRM is the natural remanent magnetization, TRM (0.5 oc) is the
thermoremanence produced in a field of 0.5 oersteds, SRMn is the saturation
remanent magnetization of a natural sample and SRMh is the saturation
remanent magnetization after heating to produce the thermoremanence.
The latitude factor corrects for the variation of the magnetic field intensity
with latitude using the relative variation of the present earth’s field and the
inclination of the natural remanence. This assumes that the paleomagnetic
field had a similar variation in intensity with inclination as the present
field has, using as the present field the charts published by the United States
Naval Oceanographic Office, 5th edition, epoch 1965.0. Values of total
field intensity along inclination contours 10° apart north and south, were
read at intervals of 15° of longitude and averaged. These averaged values
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Table 1. Average intensity of present earth’s field at 10° inclination intervals and
latitude factor for a thermoremanence produced in 0.5 oersteds

Inclination
(+veor—ve) 0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

Intensity
(oersteds) 0.347 0.356 0.359 0.375 0.399 0.436 0.494 0.558 0.609 0.632

Latitude
factor 1.44 1.41 1.39 1.33 1.25 1.15 1.01 0.90 0.82 0.79

are listed in Table 1 along with the values of the latitude factor to be used
in the equation for paleomagnetic field intensity where the thermo—
remanence was produced in a field of 0.5 oersteds. The value of the factor
to be used is that corresponding to the inclination of the natural remanence.

Each of the four remanent magnetizations are subjected to alternating
field demagnetization in stages of 50 or 100 oersteds and a value of paleo-
magnetic field intensity is calculated for each step. These values are usually
similar and the value of the paleomagnetic intensity chosen is a mean of
those for steps of demagnetization that produced the best grouping of
directions.

Intensity Met/Jods Applied to Recent Lava:

As a test of applicability to older lavas the intensity methods as described
by Thellier and by Carmichael were applied to samples from the 1963 and
1967 eruptions on Surtsey and the 1971 eruption on Etna. It was hoped that
a wide range of oxidation states could be found and criterion of suitability
could be established for use with older lavas.

In the field, redness of the flows was used as an indication of conditions
of high oxidation and blackness as an indication of conditions of low
oxidation. As it turned out the red colour was mostly a thin layer on the
surface and on the walls of vesicles and not a very good indicator. Polished
thin sections showed that there was a wide range of oxidation state of the
magnetic oxides particularly in the Etna samples. It is difficult to attach a
general oxidation state to each sample since all had generally greygreen
silicates with single phase magnetite grains, along with local reddish
silicates in which the magnetite was oxidized, often to hematitic relicts. The
oxide grains were in three distinct sizes, a few large subhedral magnetite
grains up to 1 mm across, abundant euhedral magnetite from 1 to 20 microns
but mostly in the 5 to 10 micron range, and fine dust in the silicates and
along silicate grain boundaries. In about a third of the samples the large
magnetites were single phase except for some maghemitization along cracks.
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Table 2. Paleomagnetic Field Intensity from Recent Lavas (Relative to the IGRF
1965.0 IAGA Bulletin No. 29, field at the site as 1.0)

Surtsey 1963—67 Etna 1971
AF S-2 S-5 S-11 S-16 S-17 S-21 S-23 E—1 E-2 E-3 E-4 E-5 E-8
(Peak Oe) (Method as described by Carmichael)

0 0.94 0.97 1.51 1.27 0.97 1.13 1.09 1.44 0.92 0.76 0.83 1.08 0.74
100 1.00 0.98 1.74' 1.14 0.95 1.06 1.01 0.89 1.00 0.81 0.63 0.91 0.77
200 1.02 1.01 1.78 1.12 0.98 1.05 0.95 0.74 1.01 0.85 0.86 0.90 0.78
300 1.07 1.01 1.31 1.08 1.08 0.98 0.93 1.12 0.94 0.69 0.87 0.92 0.79
400 1.32 0.95 1.21 1.06 1.02 1.03 0.90 1.15 0.95 1.02 0.80 0.92 0.67
500 1.36 0.90 1.19 1.03 1.02 0.99 0.97 — 0.91 0.90 0.89 0.96 0.84
600 1.44 0.82 1.24 0.99 1.01 0.90 0.95 0.75 0.90 0.89 0.93 0.98 0.83
700 1.55 0.82 1.14 0.98 1.08 1.02 0.96 1.15 0.87 1.08 0.83 1.00 0.86
800 1.73 0.76 1.16 0.96 1.00 0.74 1.10 1.69 0.91 0.85 0.88 0.93 0.81

PTRM ..
(Temp °C) (Method as described by Thellier)

400 3.1 0.83 2.1 1.36 1.46
500 1.2 1.55 0.79 1.29 0.96
550 0.82 1.55 0.91 1.21 1.35
600 0.85 2.04 1.06 1.23 1.37

There are no separate ilmenite grains and only minor indications of ex-
solution of some magnetites into broad ilmenite bearing areas.

The Surtsey samples contained small skeletal magnetite grains with
euhedral segments in the 1 to 10 micron range. With such small size it is
difficult to be specific about composition but they appeared to be single
phase magnetite except where local oxidation produced red silicates and
converted the magnetite to hematite. There was no noticeable maghemite
and only rare ilmenite grains.

Results

There was some change in shape of the zero field demagnetization
curves after heating, part of which is due to destruction of maghemite. All
the samples had higher saturation remanence after heating indicating
production of new magnetic oxide. Some representative sets of curves are
shown in Figs. 2 and 3. Both techniques gave satisfactory measures of the
known field intensity when the eruptions took place. The Thellier method
was less satisfactory, partly because of the maghemite present and partly
because of an unidentified soft component with a high Curie point. A
standard 100 oersted AF demagnetization step was used with each heating
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but a more comprehensive demagnetization sequence might have improved
the results.

The mean values of intensity obtained were within 100/0 of the known
field (Table 2) even for samples in which changes in zero field thermal
demagnetization curves and saturation remanence curves would have led to
their rejection of they were ancient samples. The assumed reliability for
paleointensity purposes of samples showing high temperature oxidation
states could not be tested very well since those samples with high tempera-
ture oxidation phases also contained low temperature oxidation phases as
well. In the case of the Surtsey samples the reddest and most oxidized
sample was S-Z and yet it gave the poorest value of field intensity.

Conelmz'om

Measures of field intensity obtained from the recent Surtsey and Etna
lavas are closer to the known intensity when they were erupted than I had
expected. Even samples with appreciable maghemite, and those in which
there was a change in the amount of oxide and its coercive force spectrum,
gave acceptable results. This is encouraging and suggests that measures of
paleofield intensity made on similar lavas by the same methods should give
results that can be compared.

Paleomagnetic field intensity values are inherently more variable than
are directions. The large scatter among values for a series of lavas suggests
that the known four fold intensity variation over the last few thousand
years has been present in the past as well. When this is taken into account
there are enough measures of intensity to conclude that the intensity of the
earth’s magnetic field has been similar to the present since early pre-
Cambrian time except for the early to middle Paleozoic era when it was
much weaker, say 5 to 10% of present (Carmichael, 1968).

Though there are large time gaps in the measured values of intensity
in the pre-Cambrian, anyone doing aeromagnetic interpretation in areas
where pre-Cambrian rocks are present should never assume that remanence
is negligible. In areas where paleozoic rocks are present it would be unusual
to find remanent magnetization significant and as a first approximation
remanence can be ignored. For areas where there are Mesozoic and Recent
rocks remanence should again not be considered negligible.
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geirsson and the National Research Council of Iceland who made the collection of
samples on Surtsey possible. Most of the measurements were made by Mr. Brian
McParland whose contribution is acknowledged. The work was supported by a
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Abstract. The magnetic properties, crystallographic features and chemical
composition of ferromagnetic minerals contained in the deep-sea sediment cores
from the Pacific Ocean and adjacent seas are examined by means of thermo-
magnetic analysis, X-ray diffraction, X—ray fluorescence analysis and micro-
scopic observation. It has so far been proved that ferromagnetic constituents of
the oceanic sediments, exceptthose of certain depths of the Japan Basin cores,
are composed of titaniferous magnetite with or without ilmenite exsolution
lamellae. The titaniferous magnetite is classified into three groups, I, II and III
according to its bulk Ti—content. The type I is Ti-poor magnetite which origi-
nated from the continental granite. The type II is most widespread in the Pacific
Basin and may possibly be attributed to the andesitic volcanoes in the island arcs.
The origin of type III seems to be the mid-Pacific oceanic volcanoes. None of
these three types show any trace of complete recrystallization. It is therefore safely
to say that the paleomagnetic records of the deep-sea sediment cores relies upon
the DRM of these ferromagnetics. The result also indicates that the type III
Ti-rich magnetite can be used as a paleo-geographical indicator of the hot-spots
and the mid-oceanic ridges when the longer cores are examined, although no
variation of occurrence of ferromagnetics is found in the Pacific cores 10 m long.
Occurrence of iron sulfides in some depths of the Japan Basin cores indicates
a strongly reducing paleoenvironment of the Sea of Japan during the glacial
periods.

Key words: Ferromagnetic Minerals - Pacific Sediment Cores.

Introduction

The present study has been initiated with two principal aims: (1) to
determine the origin of natural remanent magnetization of sediment cores
and (2) to identify the source of at least a coarse fraction of the deep-sea
sediments as well as to presume the sedimentary environment.

It has been known a large fraction of sediments is biogenic. In some
shallow seas more than 80 per cent is carbonate composed predominantly
of tests of foraminifera and coccoliths. In the sea floor deeper than about
4500 m the biogenic carbonate is dissolved into sea water. The biogenic
silicate composed of diatom and radiolaria is also dissolved in the deeper
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basins. Content of biogenic material in the sediments is thus dependent
upon both the biological productivity and depth of the ocean. Isotope ratio
of sediments is largely controlled by the actions of marine organisms.
Ferromagnetic minerals are, in contrast, not originated by marine organisms
except by one shoal species called Chiton in which magnetite is formed in a
part of its teeth (Kobayashi et 41., 1963). However, distribution of such
magnetite-forming organisms is quite limited and can be neglected in the
following consideration.

Nonbiogenic materials in the deep—sea sediments are possibly derived
from several sources such as river suspension, turbidity currents, eolian dust,
volcanic ash, meteoritic dust and authigenic precipitates. Some of them are
transported from the continents, the island arcs, the oceanic volcanoes
or the mid-oceanic ridges but the others are formed in their place of occur—
rence. To judge whether the ferromagnetic constituents are transported frac-
tions or authigenic is of primary importance for the paleomagnetic study of
the sediment cores. If they are products of transportation, their natural re—
manent magnetization is merely the depositional remanent magnetization
(DRM). If any chemical or biochemical reaction is involved in the pro-
duction of ferromagnetics, the natural remanent magnetization of the
sediment is suspected to be the chemical remanent magnetization.

In case where most of the ferromagnetics are transported and preserved
without any chemical reactions, another important geophysical inference
seems possible concerning the relationship between the sediments and their
source areas on the basis of the characteristics of the ferromagnetic phase.
Ferromagnetic minerals may act as a source indicator in such cases.

Sample:

Thirty five deep-sea sediment cores collected by the R. V. Hakuho—Maru
in the western and central Pacific Ocean and adjacent seas are examined in
the present study. Sampling positions, water depth and core length are
summarized in Table 1. Most of them are 4 to 12 m long but a few samples
of sediments taken from the bottom surface by dredge haul are also in-
cluded. From each core 1 to 4 samples of sediment are taken from different
levels of the core. -

Ferromagnetic minerals are extracted from the sediment samples
diluted with water. Size of the extracted minerals ranges between 10 ‚u and
50‚u. By this method it is difficult to separate finer ferromagnetics, if any.
However, as the saturation magnetization of the residual phase is smaller
than original by more than one order of magnitude, it may be said the
extracted minerals are responsible for the natural remanent magnetization
of the sediment. The following experimental procedures were carried out
on this extracted phase.
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Table 1. Sampling positions, water depths and lengths of cores examined in the
present study

Water Core
Station No. Latitude Longitude Depth (m) Length (cm)

KH67-5—13 09°52’N 149°59’E 5520 sa
—17 00°00’N 150°05’E 5235 63
-36 11°31’N 177°05’W 5780 s
-48 12°17’N 174°16’W 5600 55
—55 15°08’N 170°03’W 5650 58
~57 15°48’N 168°12’W 5220 157

KH68-3- 7 39°20’N 178°01’E 5440 242
-11 44°27’N 171°59’E 5925 565
-15 38°26’N 165°59’E 5492 970

KH68-4- 5 26°51’N 170°01’W 4565 238
—20 02°28’S 170°00’W 5500 992
-22 10°57’S 169°59’W 5110 316
-25 19°59’S 170°02’W 5280 716
-29 25°54’S 170°20 W 5485 918
-31 32°09’S 169°56’W 5550 706
-39 50°07’S 169°59’W 5150 495
-41 54°14’S 169°38’W 5100 322
-49 69°28’S 169°53’W 4200 973
—55 53°14’S 155°12’E 4050 390

KH69-2- 4 37°12’N 144°59’E 5770 1046
-20 43°47’N 138°32’E 3520 1191
-23 41°21’N 134°26’E 3575 1047
—25 40°53’N ' 132°40’E 3390 1060

KH70—2— 5 38°26’N 170°06’W 5140 , 1060
— 7 33°11’N 169°54’W 5840 A 1190
-18 44°02’N 146°00’W 4900 1090

KH72—2— 2 31°46’N 143°59’E 5834 670
— 4 32°31’N 141°31’E —— .r
- 6 31°29’N 135°37’E 2930 s
—56 21°34’N 132°42’E 5360 745
-58 22°53’N 129°13’E - 5340 755
-6O 27°49’N 123949’E 95 .r
-64 26°54’N 124°15’E 100 s
—65 25°29’N 124°49’E 2090 394

3 Remark: .r indicates mixed surface sediments collected by dredge haul or
similar method. '

It is found by microscopic examination that some glassy rock-forming
minerals usually coexist with the opaque ferromagnetic phase. The X-ray
analyses are therefore conducted after pulverizing the specimens by mortar
and pestle and further purifying the ferromagnetic phase.
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Fig. 1a and b. Thermal changes in saturation magnetization of ferromagnetic
phase in sediments in a field of 2400 oe and in vacuum DE 10‘5 torr. Hollow and
solid circles indicate heating and cooling, respectively. H a (above) KH68-4-25 ——

bdbelow) KH67—5-57

Result: ty’ Experiment

1. Thermomagnetic Analysis

Thermal changes DE saturation magnetization between 650 c"’C and
ordinary temperatures are measured by means DE a magnetic balance in
vacuum of 10*5 torr. The Curie temperatures DE mDst DE the Pacific speci—
mens range from 540 “C to 590 “C (similar to that DE stoichiometric
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magnetite, 575 °C) and are nearly reversible during a cycle of heating and
cooling as shown in Fig. 1(a). In Fig. 1(b) is shown a thermomagnetic
curve of a slightly different type with the sediment KH67—5—57 collected on
the southern flank of the Wake-Necker Ridge. It has two distinct Curie
temperatures at 160 °C and 550 °C. The X-ray diffraction analysis indicates
that this phase having the lower Curie temperature is slightly oxidized
titaniferous magnetite (cf. Table 3).

The thermal behavior of specimens taken from deeper levels of the cores
of the Japan Basin is quite different from that of the other Pacific specimens.
The Curie temperature of the original specimens is 370 °C to 390 °C, but at
high temperatures the saturation magnetization changes irreversibly and its
behavior very much depends upon the atmosphere. This thermal property
is often seen with iron sulfides. More detailed descriptions of the Japan
Basin cores and their implications have been published elsewhere (Kobay—
ashi and Nomura, 1972). Similar ferromagnetic sulfides have not yet been
found in the cores from other areas of the Pacific, although non-ferro-
magnetic framboidal pyrite is sometimes seen in blue clays and diatom ooze.

2. Crystallographic Analysis by X-Ray Diffraction

The crystal structure of the ferromagnetic minerals is analyzed using
an X-ray diffractometer with an Fe target. It is shown that the principal phase
has a cubic spinel structure. With this phase the lattice constant a is deter-
mined by the angles of the diffracted beams from (422), (333) and (440)
lattice planes. The lattice constant of the specimens having the Curie
temperature of 540 °C to 590 °C ranges from 8.36 A to 8.40 A which
corresponds to that of nearly stoichiometric magnetite Fe304 or slightly
oxidized Ti-poor titanomagnetite. The specimens having two Curie
temperatures have two cubic phases (a = 8.36 A and 8.42 A). It is concluded
that a phase with a: 8.42 A shows the low Curie temperature (160 °C~
230 °C).

The X-ray diffraction patterns indicate that several specimens from the
central Pacific contain a phase with the rhombohedral structure which is
identified to be nearly stoichiometric ilmenite FeTiOg. Although this phase
is not ferromagnetic, it usually occurs as an exsolved lamellae in the ferro-
magnetic magnetite and cannot be separated due to its fine grain size.

A pseudohexagonal pyrrhotite is identified with specimens from depths
of 770——780 cm of the Japan Basin core KH69—2—23. Below these depths
pyrite having a cubic spinel structure with a=5.42 A predominates. It is
not known whether this ‘pyrite’ is ferromagnetic or ferromagnetic pyrrhot-
ite is associated with pyrite but undetected by X-ray analysis, possibly due
to its fine grain size and low degree of crystallization.-
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3. Observation under the Reflection Microscope -

The extracted ferromagnetics are molded in epoxy and a surface is
polished to examine under the reflection microscope. The ferromagnetic
minerals contained in the deep Pacific sediments have an angular shape, while
those in sediments of the Japan Basin and the continental Shelf'are round
and smooth. This contrast in shape seems to indicate that the latter are
products of erosion and transportation from a continental source.

Round magnetite grains in deep levels of the Japan 'Basin Cores are
much sulfurized along the grain surfaees and in cracks. They are usually
associated with independent framboidal pyrite grains.

Very fine exsolution lamellae of ilmenite are observed in magnetite grains
of some central Pacific sediments and the presence of ilmenite is confirmed
by the X-ray diffraction. Such a lamellae structure reduces the effective
grain size of the ferromagnetic phase which provides a high magnetic coer—
cive force sufficient for paleomagnetic use of the sediment cores.

4. X-Ray Fluorescence Analysis

Bulk chemical composition of the carefully separated ferromagnetic
phase is determined by X—ray fluorescence analysis in respect to the
content of Fe. Table 2 gives the mole per cent of each element, Ti, Mn,
Cr, Co, Ni, V to the molar content Of Fe element. As the content of trace
elements other than Ti is negligibly small, the molar ratio of Ti to Fe alone
is shown iaable 3. By this method of analysis the total content of Ti is
measured when the ilmenite exsolution occurs because such a fine mixture
can not at all be separated by the present procedure of separation.

Table 2. Chemical composition of the ferromagnetic minerals determined by the
X-ray fluorescence analysis (mole per cent relative to the amount of Fe element)

Sampling
Core level (cm) Ti Mn Cr. ‚ V Co Ni

KH68-4-25 65-240 10.2 0.64 0.33- 1.33 0.92 0.60
KH70-2-18 395—435 10.3 0.66 0.35 0.57 0.45 0.82

It is quite remarkable that the bulk Ti/Fe ratio of the ferromagnetic
minerals having ilmenite exsolution (e. g. KH68—4—5, ——20, —22) is 20 to
30 % and nearly the same as the Ti/Fe ratio of the specimens showing the
low Curie temperature (KH67—5—57, —55). This seems to indicate that
both specimens are originated from the same type of magmatic condition
but have different histories of temperature and oxygen fugacity after
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Table 3. Ferromagnetic minerals in the deep-sea sediments

507

Station Locality Sampling Ti Lattice Mineral Curie Type
No. Level content (À) associ- temp.

(cm) (Ti/Fe ated (°C)
mole o/O

KH67—5-13 l 0 26.1 8.356 Il 565 III
—17 0-63 9.6 8.379 560 II
-36 central 0 9.7 8.384 560 II
-48 > equator- 0-30 —— -—— 580 II
-55 ial 30-60 18.8 8.413 ' 230 III

Paciflc { 540
-57 8.416 160

J 50-100 24.7 { 8.355 { 550 III
KH68—3- 7 north— 25-55 9.7 8.388 ‘ 580 II

-11 western 25—75 10.8 8.387 565 II
-15 Pacific 0-110 9.3 8.384 _ 565 II

KH68—4—5a ‘ 0-50 30.0 8.363 Il 570 III
- 5b 180-230 27.8 8.355 Il 545 III
—20 0-110 26.0 —-- Il 560 III
—22 central 0—60 23.6 8.383 Il 545 III
-25a equator— 0—60 7.4 8.394 550 II
-25b Î ial 65-240 11.0 8.387 _ —-— II
-29a Pacific 70—135 12.1 8.397 550 II
-29b 800-918 11.8 8.402 545 II
-31 0-520 10.5 8. 390 545 II
-39 J 460-495 21.8 —— 585 III
-41 Antarctic 40-100 ~—— —— 580 II
-49 Sea, Tas- 20-170 9.1 —— 575 II
-55 man Sea 0—168 11.2 —— 555 II

KH69-2- 4a NW 495-503 11.3 8.398 540 II
— 4b} Pacific 850-1040 8.5 8.395 —- II
-20 0-70 12.1 8.397 570 _II
-23a 0-15 4.7 8.368 565 I
—23b Japan 385—395 5.5 8.388 575 - I
-23c Basin 985-1025 1.4 l 8.396 -——. —— I

l hexagonal Prh —— I
-25 440-475 9.9 8.396 575 I

i 5.423 Py ———
KH70—2— 5 north— ' 15-395 11.2 ——— —— II

— 7 } east 280—395 10.9 8.367 —— II
-18 Pacific 60-140 10.3 8.393 —— II

KH72-2- 2 NW 515-600 10.3 8.399 —- II
- 4 } Pacific O 9.2 8.419 —— II
— 6 Shikoku 0 8.0 8.406 —— II

Basin
'

-56 Philippine 740-745 10.0 8.365 —— II
—58 } Basin 230-620 7.6 8.390 ——- II
-60 . 0 5.2 8.396 ———- I-64 } à?” 0 5.9 8.393 —— I
-65 180-220 8.3 8.392 —— II

Il: ilmenite, Prh: pyrrhotite, Py: pyrite
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Fig. 2. Geographical distribution of three types of ferromagnetics in the deep-sea
sediments. — v: type I (Ti/Fe <1 6 mole 0/0) __ 0: type II (Ti/Fe = 10 ~ 12

mole %) F— Q: type III (Ti/Fe = 20 ~ 25 mole %)

solidification. Magnetite with ilmenite exsolution is a product of oxidation
at a high temperature, while magnetite having the dual Curie temperatures
is formed by a partial oxidation at a low temperature.

Interpretation: of Remit:

As seen in Table?) which summarizes the results of the present experiment,
the ferromagnetic minerals contained in the oceanic sediments can be
classified into three groups according to the mole fraction of Ti to Fe:
I. Ti-poor magnetite or iron sulfides (Ti/Fe «c: 6%), II. titaniferous magnetite
with Ti/Fe =10 ~12 %, III. titaniferous magnetite with Ti/Fe = 20 ~25 0/0
(with or without ilmenite lamellae). Geographie distribution of the three
types is shown in a map of Fig. 2.

Except for the cores from the japan Basin no appreciable vertical varia-
tion in Ti content and other characteristics of the ferromagnetics with depths
is seen. This result indicates that the sedimentary environment in the
Pacific ocean is unchanged throughout the geological periods of the past
several million years during which the cores of 10 m in length are deposited.

Buddington and Lindsley (1964) shows that there exists a systematic
relationship between the bulk composition of titaniferous magnetite and
type of volcanic, hypabyssal, and plutonic rocks. For example, more than
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Fig. 3. Relation between rock types and titanium content in iron oxides (modified
from Buddington and Lindsley (1964) with titanium content of three types of

ferromagnetics, I, II and III

seventy per cent of the analyses of titaniferous magnetite in basalt shows
that the weight per cent of TiOg ranges from 20 to 25 %, while the weight
per cent of TiOg in hornblende andesite and granite is 7 to 10 % and 0 tD
3 % respectively. Fig. 3. represents the range of composition of titaniferous
magnetite in several rocks thus given. The range of composition of the
ferromagnetic phase contained in three types of oceanic sediments is also
shown. It is clear that the type I ferromagnetic mineral is similar to that in
granite, the type II corresponds to that in andesite or rhyolite and the
type III is that in basalt.

The occurrence of type I is limited to the continental margins and mar-
ginal seas. It seems to indicate that the type I magnetite is a product of
erosion and transportation from continental granite. Only the iron sul+
fides in the Japan Basin are authigenic but none of the others has evidence
of secondary alteration. The type III is, on the other hand, found in the
mid-Pacific area around the Hawaiian ridge and adjacent oceanic islands.
Its occurrence and compositional correlation with basaltic rocks may
possibly indicate that its source is oceanic volcanoes. However, the thermo—
magnetic characteristics are different from those of the seamount rocks and
greater fractions of type III minerals have an evidence of high-temperature
oxidation but no trace of erosion. It is thus concluded that type III is
originated from the pyroclastic falls from active oceanic volcanoes and their
secondary deposits along the archipelagic apron. No specimens were taken
from the East Pacific Rise but a sample KH68—4—39 near the flank of the
Pacific-Antarctic Ridge appears to belong to type III as well.

The type II ferromagnetic minerals are most widely distributed and
are found in most of the pelagic sediments. They can be correlated with
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andesitic magma and so their origin is possibly the explosive volcanic erup-
tions of the islands arcs. These often scatter large amounts of fine ash over
the ocean. Coarser volcanic shards are distributed only on the east side near the
source volcano by the action of the eastward wind. Finer particles with iron
oxides are thrown up to great heights in the atmosphere and are scattered
over wide areas of the ocean. Such fine fractions do not form distinct layers
but occur in any depths of the sediments with roughly constant rates.

The sediments treated in the present study have great variety in color,
grain size and composition. However, the occurrence of three types of
ferromagnetics is not primarily correlated with kinds of sediments. It
may be inferred that the Source of the ferromagnetic phase is in some cases
independent of other components such as biogenic tests and authigenic
"clays.

In most parts of the deep basins of the Pacific in which the reddish
brown clays predominate, oxidizing conditions prevail. In slightly shallower
areas (near the crest of the ridges and seamounts) and in the zones of high
biological productivity (around the equatorial upwelling current system
and the subpolar regions) the condition at the bottom of the ocean is more
reducing and the bluish clays or oozes occurs. The present study shows
that all of the'three types of titaniferous magnetite are stable or at least
metastable and are free from dissolution and recrystallization. The Ti-rich
magnetite with low Curie temperature is oxidized and partly altered to
titanomaghemite under this condition but the reaction is far from the com-
plete” decomposition and dissolution into water. This result indicates that
the natural remanent magnetization of these deep-sea sediments is the
depositional remanent magnetization (DRM) acquired when the ferromag-
neticiminerals are eventually fixed in the sediments at one time during or
sometime after the deposition.

Spherical ferromagnetic materials which are presumably cosmic or
meteoritic spherules are found in the reddish brown sediments from the
mid-Pacific area (Crozier, 1960). They are identified to be stoichiometric
magnetite with a vacant hole inside (Kitazawa and Kobayashi, 1968).
Nickel—iron alloy forming the inner core of the spherule which is often
found in the cosmic spherules does not exist in our samples and it is con-
cluded that the phase is dissolved into sea water because the metallic alloy
is much more soluble than the oxides. This may be an evidence of the
chemical stability of magnetite in the bottom sediments under oxidizing
and moderately reducing conditions. It should be noted, however, that
relative" amounts of such ferromagnetic spherules are very small compared
with the terrestrial magnetite (actually only several milligrams of spherules
are collected in 1 kilogram of the sediments l) and that the resultant contri-
bution of the cosmic spherules to the paleomagnetic properties of the
deep-sea sediments seems to be negligibly small.
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The drastic distinction of ferromagnetic constituents between the upper
several meters and the lower levels of the cores from the Japan Basin is
quite exceptional among the present samples. As already reported by the same
authors (Kobayashi and Nomura, 1972), values of pH and redoxpotential
measured soon after the cores were raised to the deck of the ship' shows
that the deeper levels of the coresare very reducing. In such a highly
reducing environment magnetite seems to be unstable and to be sulfurized
to iron sulfides. Coexistence of magnetite and pyrrhotite is seen only in
a highly reducing condition. The reducing condition is caused by the huge
supply of organic matter from the land as well as from the surface of the
sea. However, the bottom of the present Sea of Japan is very oxidizing due to
the action of the oxygen-rich cold water pouring from the northern seas.
Therefore, this record of transition in the bottom environment shows that
the Sea of Japan was very stagnant probably due to enclosure by land when
the sea level was about 120 m lower than the present during the glacial
period.

Conclusion and Acknowledgement

From the present study of ferromagnetic minerals in the deep-sea
sediments the following may be concluded;

1. Titaniferous magnetite is stable in the environment of the Pacific
deep-sea sediment. No evidence of dissolution and complete recrystalliza-
tion of magnetite is found. Therefore, the natural remanent magnetization
of the deep-sea sediments is the depositional remanent magnetization (DRM).
This statement is particularly correct with a type of titaniferous magnetite
formed by the high temperature oxidation.

2. Titaniferous magnetite in the deep-sea sediments is classified into
three types: I (Ti-poor), II (Ti-intermediate), III (Ti—rich). The type I is
related to the continental granite, type II to the eruptive activities of the
andesitic volcanoes in the island arcs and type III to the mid-Pacific island
volcanoes like Hawaii.

3. N0 changes in the characters of ferromagnetics are found in the 10 m
cores except those of the Japan Basin. It indicates that the sedimentary
environment and in particular geographic relationship with the source
areas have been unchanged in the Pacific basin for several million years. If
longer cores collected by the Deep-Sea Drilling Project are examined by the
same method, drift of the ocean floor relative to the continents and island arcs
may be detected. Study of the paleogeographical relation of ferromagnetics
with the oceanic volcanoes would hopefully be very interesting because
the location of the ancient activities of the oceanic volcanloes is important
in respect to the problem of the hot-spots and mantle plumes. The present
result may possibly provide the basic data for such an attempt.
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4. Drastic change of ferromagnetic minerals in the cores of the Japan
Basin indicates that magnetite is sulfurized into pyrrhotite and pyrite under
a strongly reducing condition, as already reported.

The authors are very grateful to the scientific members, officers and crew of
the R. V. Hakuho-Maru with which the present cores were collected.
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Abstract. Konigsberger ratios of DSDP basalts were rather low (mean value
around 7) but were usually high enough to justify interpreting oceanic anomalies
with a remanent magnetization model. Natural remanent magnetizations were
considerably lower than in dredged basalts but were strong enough to account
for amplitudes of oceanic magnetic anomalies. Both stable and unstable remanent
types were encountered. The observed stable inclinations showed a large scatter
when compared to expected inclinations, largely due to non-cancellation of
secular variation. All the basalts were categorized in deuteric oxidation Class I
by opaque petrology observations. Extensive maghemitization, inferred from
thermomagnetic analyses, may explain the low NRM intensities. Unstable speci-
mens easily acquired large viscous remanent magnetizations, in some cases as
large as the NRM. The basalt magnetic properties were in general accord with
the expectations of the Vine and Matthews hypothesis.

Key wordy: DSDP Basalt—Paleomagnetism—Magnetic Properties—Viscous
Remanent Magnetization — Rock Magnetism.

Introduction

The Vine and Matthews hypothesis (1963) requires certain magnetic
characteristics of the basalts which form Layer 2 of the oceanic crust. Prior
to the formulation of this hypothesis only a relatively limited amount of
information about oceanic basalt magnetic properties was available from
dredged samples and the Mohole project (Matthews, 1961; Cox and Doell,
1962; Ade-Hall, 1964). Since then information has been obtained from
many more unoriented dredge haul samples (Vogt and Ostenso, 1966;
Opdyke and Hekinian, 1967; Luyendyk and Melson, 1967; Carmichael,
1970; Park and Irving, 1970; Irving, Robertson and Aumento, 1970; de
Boer, Schilling and Krause, 1970; Schaeffer and Schwartz, 1970; Watkins
and Paster, 1971 ; Fox and Opdyke, 1973) and also from a number of Deep
Sea Drilling Project (DSDP) samples (Lowrie and Opdyke, 1972; Lowrie
and Opdyke, 1973; Lowrie and Hayes in press; Lowrie, Lovlie and Opdyke,

* Lamont-Doherty Contribution No. 2109.
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Fig. 1. Locations of the 26 DSDP sites of this study

'19?3(a), 1973(b)) and other drilled samples (Brooke, Irving and Park, 1970,
Ade—Hall, Aumento, Brooke, h'lclx'eown, Ryall and Gerstein, 1973). The
DSDP basalt collection has certain advantages over the dredged samples;
the samples are semi—oriented, in that the vertical direction is known
relative to each sample, which permits the inclination of remanent magnet—
ization to be measured. Also, deep sea drilling has been carried out in many
deep ocean basins, whereas dredged samples have been obtained only from
restricted regions, such as seamounts, fracture zones and ridge crests. The
fairly extensive DSDP and dredged collections now allow comparison of
the observed magnetic properties with the requirements of the Vine and
Matthews hypothesis.

The primary basalt characteristics required for validity of the hypothesis
are: (a) the basalt magnetization should be dominated by the remanent
component, that is the lionigsberger ratio (Qfl) should be much greater
than 1.0, (b) the remanent intensity Ur) should be Strong enough to account
for the amplitude of the observed anomalies, and (c) the polarity of the
remanence should correspond to the sign of the anomaly in which the
sample was taken. These in turn require that the remanence should be stable
enough to preserve the original magnetization direction over geologic
periods of time and through subsequent polarity changes of the geomag—
netic field. The magnetic inclinations should also agree with those expected
after appropriate plate reconstructions have been made. This leads to the
subsidiary but important requirement that significant secondary magnetizau
tion components which might alter the original remanent magnetization
should not be present.

DSDP basalts from a representatively large number of sites have now
been studied. The magnetic properties of basalts from 26 DSDP sites are
described here. The site locations (Fig. 1, Table 1) are fairly well distributed
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Fig. 2. Histograms of natural remanent magnetization intensity, susceptibility
and lionigsberger ratio in dredged and drilled oceanic basalt samples

among the world’s oceans. There are notable gaps in the Indian Ocean and
Central and South Pacific Oceans. Hon-rever the latitudinal distribution of
the 26 sites is good.

The distribution of samples among the sites is not entirely adequate
(Table 1). Several samples were obtained from most sites, but some sites
are represented by only a single sample. Three or four partially oriented
small specimens were obtained and their magnetic properties averaged to
give representative values for each sample.

Revenue”! illqgur/ir Preparing

Histograms of the natural remanent magnetization (NRM), the sus-
ceptibility (a) and the lionigsberger ratio (Q72) of 309 dredged samples and
14'1 drilled samples (107 from DSDP sites) are shown in Fig. 2. For both
collections the NRM intensities cover a wide range of almost three orders
of magnitude. The (geometric) mean NRM intensity of the dredged basalts
is almost double that of the DSDP basalts (Table 2). Although NRM
intensity may occasionally vary by an order of magnitude within a given
site, most of the variation expressed in the histograms is between-site
variation. The mean susceptibility of the dredged basalts is less than half
that of the DSDP basalts. Within-site variation is generally not as large as
for the NRNI intensity. Again, however, there is considerable between—
site variation.

The differences in these parameters between the two collections are
probably real and reflect difi'erenccs in the sampling distributions. The dis—
tribution of dredge haul sites is naturally biassed to regions where basement
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Table 2. Geometric mean values, by samples and by sites, of the natural remanent
magnetization (NRM) intensities, susceptibilities (k) and Konigsberger ratios

(Qn) in 309 dredged basalt samples and 107 DSDP basalt samples

Geometric Mean Values

Natural
Remanent Suscept- Königs—
Magnet- ibility berger

Number ization Ratio
(10—3 G) (10“3 G/oe)

Sample Meam
DSDP 107 2.73 1.06 6.06
Dredge-hauls 309 5.37 0.408 29.0

Site Mean:

DSDP 26 2.06 0.632 7.92
Dredge-hauls 110 5.76 0.318 39.9

rocks crop out. The DSDP collection does not suffer from this restriction;
coverage is more extensive areally over the ocean basins and samples often
are obtained at depths from the sediment-basalt interface to several meters
below it. The dredge collection probably represents younger and fresher
crustal rock, and may also have finer grain sizes than the DSDP collection.
This would account for the higher remanence and lower susceptibility of the
dredge—hauled material.

The DSDP susceptibility distribution was bimodal. The lower mode
resulted principally from unusually low susceptibilities measured in DSDP
basalts from the South Atlantic Ocean (Lowrie, Lovlie and Opdyke, l973(a))
which also had much lower than average NRM intensities.

The Konigsberger ratios of the DSDP basalts were much lower than in
the dredged samples (Fig. 2); the mean value for dredged basalts was five
times larger than for DSDP basalts (Table 2). Nevertheless the DSDP mean
value of 6—8 was sufficiently high that in most cases the remanence was the
dominant magnetization component, and induced magnetization effects
could be neglected However, the existence of a large number of oceanic
basalt samples with Qn close to, or less than, unity indicates the need to
consider the perturbing effects of induced magnetizations on anomaly
profiles in some regions.

The data show that either the common choice of Layer 2A magnetiza—
tion of 0.01—0.02 Gauss in anomaly modelling (e.g. Herron, 1972) is too
high or the magnetic properties of the oceanic basalts dredged and drilled
to date represent only the surface skin of Layer 2 and are unrepresentative
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Fig. 3. Variation of remanent intensity during alternating field demagnetization
of typical DSDP basalt specimens

of the whole layer. The thickness of the strongly magnetized part of Layer
2 is usually taken to he 500 m (Talwani, Windisch and Langseth, 1971), but
if the results of this study are in fact representative, Layer 2A must have
at least double this thickness. Resolution of this point must await the
analysis of material from the deeper holes planned for future deep sea
drilling.
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Storage tests of only a few weeks showed that most, but not all, of the
DSDP basalts had stable magnetizations. Detailed alternating field (AF)
demagnetization was carried out on every specimen to establish its stable
direction of magnetization.

AF Stability of Remanent Intensities

AF demagnetization curves for some representative specimens are shown
in Fig. 3. Most specimen demagnetization curves were similar to those of
the site 36 or site 54 specimens, but some revealed the presence of large
components of low coercivity magnetization as in the case of the site 5?
specimen. There was not much variation in magnetic hardness between
specimens from the same site. Median destructive fields in the range 200»-
400 oe. were representative of the largest number of sites (Fig. 4). However,
at many sites the median destructive field was much lower, often less than
lUO oe.
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AF Stability of Remanent Directions

Vector diagrams show the effects of AF demagnetization on the hori~
zontal and vertical components of magnetization in specimens with stable
and unstable remanences (Fig. 5). As the peak alternating field is progres-
sively increased there is little variation in either declination or inclination in
the specimen from site 77. The stable negative inclination of this site is well
defined. The unstable magnetization of the site 57 specimen shows large
directional changes as the initial soft component is removed. The stable
inclination for this site was only defined for fields between 100 and 250 oe;
after treatment in 300 oe. or higher the magnetization became so unstable
that it changed even during the time required to make a measurement. It was
often not possible to measure quite strongly but unstably magnetized
specimens with a 105 Hz spinner magnetometer clue to rapid growth or
decay of the signals, yet the same unstable magnetizations could be measured
satisfactorily with a 5 Hz spinner magnetometer. The large soft component
of magnetization apparently could be influenced easily by the stresses
involved in spinning them at 105 Hz, which amount to around 444 g at a
radius of 1 cm from the rotation axis.

It was possible to define without difficulty a stable direction for speci-
mens whose median destructive fields were greater than 200 oe. For less
stable specimens the direction taken was the average of the fairly closely
grouped directions in the 100—200 oe. AF demagnetization range. A mean
inclination for each site was found by averaging the sample inclinations,
which in turn represented the averages of individual specimen inclinations.
liach mean was corrected to compensate for the absence of declinations
(Briden and ward, 1966).
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At many sites one or more samples had opposite polarity to the others
from the site. This was caused by orientation error resulting),r from the
difficulty of unambiguously orienting the core samples on board ship. It
presented a serious problem at sites where only one or two samples were
obtained. The polarities observed in the basalts agreed with the anomalies
at each site where they were known. For further analysis of the site inclina-
tions, all reversed site mean inclinations were converted to their normal
equivalents.

The expected inclinations at the sites were deduced from the following
sources. For Legs 2, 3, 11 and 14 in the Atlantic Ocean the global plate
reconstructions of Phillips and Forsyth (1972), which incorporate paleo—
magnetic data from Africa, Europe and North and South America, were
used to determine the site paleolatitude at the time of its formation. From
this the axial dipole Field (ADP) inclination at the site was computed. The
AD]: inclinations of Leg 15 specimens (Lowrie and ()pdyke, 1973)
were computed from the Phillips and Forsyth model and also from (Ère—
taceous paleomagnetic data of (Ireer (1970), Watkins and (iambray (1970),
and Mac Donald and ()pdyke (1972).

Good estimates of the expected inclinations for sites from Legs 5, (:-
and9 in the Pacific Ocean are not possible because of the scarcity of relevant
high quality terrestrial paleomagnetic data for the ages involved (( )ligocene
to Miocene).Tertiary North Pacific pole positions were used for sites 36, 57,
and 77; N. American Miocene pole positions for sites 83 and 84, and Taiwan
and Ryuku poles for site 54 in the Philippine Sea (Me lilhinny, 1973).

Paleomagnetic virtual pole positions from the Antarctic continent
(Mclilhinny, 1973) do not diti'er appreciably from the present pole of
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rotation. The formation of the South Indian Ocean is assumed to have
taken place by migration of Australia away from a fixed Antarctic plate
(W'eissel and Hayes, 1972). Expected mean inclinations for Leg 28 sites are
therefore assumed to be the ADF inclinations at the sites.

A plot of the site mean remanent inclinations observed in the basalts
from the 26 sites of this study against the values expected from the above
calculations shows a large amount of scatter (Fig. 6). The correlation
(coefliicient r——0.715) is moderately strong and is significant. It is also
superior to correlations of the observed inclinations with the present ADF
site inclinations (‚P—0.625) and the 1965.0 IRF 020.525). In spite of the
observed scatter there is statistical agreement between the observed site
mean inclinations of DSDP basalts and the inclinations expected from global
plate considerations.

The deviation between observed and expected inclinations at any given
site varied from 0:3 at site 266 to as much as 40Ù at site 36; the mean (ab-
solute) deviation was 140. Sixteen remanent inclinations were shallower
than expected, nine were steeper while one was in exact agreement. The
regression line consequently has a lower slope than the line of perfect
agreement (Fig. 6). The deviation may result from errors associated with
both the expected and observed inclinations. For example, the computa-
tions of expected inclination are inexact, int-solving several stages of approx-
imation. [Either the expected inclination is computed directly from the
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average of a small quantity of relevant paleomagnetic data, or it results
from best-fit paleolatitudes determined by determining average VGP
locations and combining these with plate rotations about suitable rotation
axes.

There are several possible sources of error in the observed remanent
inclinations. Sampling errors in this type of study are greater than in a
normal paleomagnetic study largely as a result of inexact determination
of the true vertical direction for each sample of core. Other factors which
might disturb the observed remanence values are post—magnetization
tilting of crustal blocks and the effects of secondary magnetizations, which
will be discussed further below.

It is probable, however, that the discrepancies can largely be accounted
for by secular variation efiects. Due to the rapid cooling undergone by
oceanic basalts, many of which have chilled outer crusts, their remanent
magnetizations will be acquired in the direction of the ambient geomagnetic
field, without averaging to zero the efiects of secular variation as might be
the case in more slowly cooling igneous bodies. Creer (1962) has shown that
within-site dispersions as large as the inclination deviations observed here
can result from secular variation of the dipole and non—dipole fields.

Magnetic Mineralogy

Opaque Petrology

Polished sections of several specimens were made for reflected light
study using oil immersion lenses giving magnifications up to 1100 dia—
meters.

Opaque minerals were identified by their colors, anisotropy and bire-
fringence. Observations made on Atlantic and Pacific Ocean specimens
(Lowrie, Lovlie and Opdyke, 1973 (a), 1973 (b)) are summarized in Table 3.

The opaque minerals consisted of homogeneous titanomagnetites (or
titanomaghemites) with lesser amounts of ilmenite and sulphides (such as
pyrrhotite). The titanomagnetite grains were generally finer than 10 ‚u.
Some specimens contained coarser grains which on close optical examination
showed whitened areas along cracks and on their rims indicative of mag-
hemitization. Most specimen grain sizes were finer than 10 ‚u, and contained
a large number of visible grains finer than 1 ‚u in size. It is distinctly likely
that an even finer submicroscopic fraction, below the resolution of optical
techniques, exists in these specimens. Electron microscope studies have
shown large populations of discrete titanomagnetite grains much finer
than 0.1 ‚u in diameter in oceanic basalts from the mid—Atlantic ridge
(Evans and Wayman, 1972).
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The rate at which low—temperature oxidation of the original magnetic
mineralogy takes place depends upon the specific surface area and the
presence of lattice imperfections (Colombo, Fagherazzi, Gazzarini, Lanza—
vecchia, and Sironi, 1968). Consequently, the finest grains in an assemblage
will be affected by low-temperature oxidation more seriously than coarser
grains, and opaque petrological observations made on relatively coarse
grains may be inapplicable to finer grains, particularly those below the
limit of optical resolution. It is probable that optical techniques are in—
adequate to describe the degree of maghemitization of fine-grained oceanic
basalts. Bulk thermomagnetic analysis provides a suitable alternative
technique.

Thermomagnetic Analysis

By rapidly heating basalt specimens in a vacuum to temperatures in
excess of 600 OC it has been shown possible to distinguish titanomagnetite
from titanomaghemite as the dominant ferrimagnetic mineral (Ozima and
Ozima, 1971). When thermomagnetic analysis is carried out in air the same
unambiguous interpretation is not possible, but it is possible by using
properties of the parent and daughter products of the analysis to identify
titanomaghemite (Lowrie, Lovlie and Opdyke, 1973 (b)).

The thermomagnetic curve in air of oceanic basalt containing either
titanomagnetite or titanomaghemite is irreversible (Ozima and Ozima,
1971). A typical example is shown in Fig. 7(a). The initial magnetization
(fi), produced in a strong field of 3000 oe. or more, decreases on heating
rapidly past its initial Curie temperature, which is usually in the range
100—4000C. When the specimen is heated beyond this stage the original min-
eral separates into a Ti-rich phase (hemo-ilmenite) and aTi-poor phase close
in composition to magnetite. On cooling from high temperature the stronger
magnetization of this magnetite appears at a high Curie temperature, and
increases to its room temperature value (ff). This is greater than the initial
value, provided the specimen is not maintained too long at or above 600 oC.
This can cause oxidation of the magnetite product, and results in ff being
less than fi.

Strong—field thermomagnetic curves were measured in air with three sets
of Curie balance; a horizontal motion type (University of Bergen), and
automatically recording, vertical motion types corrected for specimen
weight loss (University of Pittsburgh, and Lamont-Doherty Geological
Observatory). Magnetizations were uncalibrated; temperature measure-
ment accuracy was 5 oC.

For titanomagnetites (xFezTiO4 - (1—-x) Fe3O4) the composition para-
meter, x, which defines the ulvospinel proportion in the titanomagnetite,
determines the initial Curie temperature. After phase separation the mag-
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Fig. T a. Typical thermomagnetic curve in a DSDP basalt. b Curie temperatures
of the initial and final magnetic minerals from thermomagnetic analyses of 123

DSDP basalt specimens

netitc end—member should have an x-value of around 0.05 (Kawai, Iiume
and Sasajima: in Nagata, 1962). The mean of the higher Curie temperatures
measured in 123 thermomagnetic analyses of DSDP basalts (Fig. 7(b)) was
530 “C, corresponding to a mean x=0.085 (Nagata, 1962). The initial
Curie temperatures of these specimens were mainly between 220 ÜC and
400 0C, with a small group lower than 200 "C corresponding to specimens
from site 57.

The room-temperature strong,r field magnetization, jf, of the neara
magnetite product mineral may be computed according to its known
dependence on x (Nagata, 1962). The magnetization of the initial titano—
magnetite,_/,-, may then be expressed in terms of the final mineral by using
the measured ratio (/f/jf) from the thermomagnetic curves. The titano~
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Fig. 8. Ratios of initial to final magnetizations and the initialCurie temperatures
in thermomagnetic analyses of 109 DSDP basalt specimens

magnetite magnetization]; and its initial Curie temperature are related by
the compositional parameter a. It is therefore possible to determine the
esact relationship between (/jL/f) and initial Curie temperature for astoichio-
metric titanomagnetite. For the range of x observed in oceanic basalts this
is the straight line S—T in Fig. 8. The magnetization fatlDSh/f/jf, observed
in 109 DSDP specimens (50 samples; 19 sites) are plotted against the
initial Curie temperature of the specimen. Thermomagnetic analyses in
which the magnetite product was apparently osidixed have been excluded
from these considerations.

There are several reasons why the points in Fig. 8 do not lie on the
line 55-—T. Firstly, the volume of the product magnetite is likely to be less
than that of the initial titanomagnetite, as a Ti—rich phase also essolves.
Because of this volume change the observed magnetiaation ratio should be
greater than the ratio of the spontaneous magnetizations; stoichiometric
titanomagnetites should be represented by points above the line 8—1".
Secondly, partial high temperature oxidation of the magnetite formed will
reduce ff, and will give a point above the line. This will also happen if
incomplete phase separation takes place. liach of these effects displaces a
point above the line S——T in Fig. 8.

If the initial titanomagnetite is non—stoichiometric, the point will fall
below the line. Maghemitiaation causes elevation of the Curie temperature
and reduction of the spontaneous magnetization (Ade—Hall, Palmer and
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Hubbard, 1971; Readman and O’Reilly, 1972). Each of these displaces a
point below the line S—T. However, if the magnetite product is oxidized at
high temperature, jz/jf will be increased and the point may fall in the upper
field. It is, therefore, not possible to discuss without ambiguity the original
condition of the titanomagnetites from sites 57, 84, 136, 146, 150 and 153
(Fig. 8) all of which are represented by points in the upper field.

It is quite apparent from these data, however, that oceanic basalts from
a large majority of the 19 DSDP sites studied are maghemitized. Points from
13 sites fall almost entirely in the lower field, with only a small number near
or above the separating line. If volumetric change could be taken into ac-
count, the position of line S—T would be even higher on the figure.

It may be concluded from these thermomagnetic studies that mag-
hemitization, whether resulting from ocean-floor weathering (Marshall and
Cox, 1972) or regional hydrothermal alteration (Ade-Hall, Palmer and
Hubbard, 1971), may have altered considerably the original magnetic
properties of the basalts. It is unlikely, even if chemical remanent magnetiza—
tion (CRM) is associated with the oxidation, that the original directions will
have been appreciably altered (Marshall and Cox, 1972), although this may
possibly contribute to the observed discrepancies between observed and
expected inclinations (Fig. 6). The reduction in remanent intensity which
accompanies the maghemitization (Johnson and Merrill, 1973) has been
proposed as an explanation for the observed decrease of magnetic anomaly
amplitude with distance from the axis of a mid-ocean ridge (Irving, 1970).
The proposal is supported by the results of this study.

I/z'scom Remanent Magnetization

Acquisition of VRM

Although most DSDP basalt specimens were found to be quite stable,
specimens from several sites showed significant changes in direction during
storage tests in the geomagnetic field, and had median destructive fields
lower than 100 oe. The large soft components in these specimens made them
very susceptible to the acquisition of viscous remanent magnetization
(VRM).

VRM was given to many specimens with median destructive fields lower
than 150 oe. The specimens were first demagnetized, their remanences were
measured, and they were placed in a uniform constant field for up to 3
months. At repeated intervals the remanent magnetization was measured
with a spinner magnetometer, each observation time (less than 5 minutes)
being much shorter than the time of acquisition, t. The increase in mag-
netization over the 1:0 value represented the acquired VRM. Typical
VRM acquisition curves are shown in Fig. 9.
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Fig. 9. a Two-stage and b three—stage acquisition of viscous remanent magnetiza—
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The acquired VRM at time t can be expressed

VRM (t) = ..Ÿ (t) log 3‘

where 5(2‘) is the magnetic viscosity coefficient.
Two general types of acquisition curve have been observed in DSDP

basalts (Fig. 9). The first, and most commonly observed, consists of two
stages in each of which the magnetic viscosityr coefficient is a constant. The
second type shows three—stage development of VRM. The magnetic vis—
cosity coefficients in the first and third stages (81 and S3, respectively) are
considerably smaller than in the second stage (82; Table 4). It is possible
that the two-stage type might develop into a three—stage type if the ob-
servations were continued beyond the three month duration of each of these
experiments.

Origin of the VRM

Logarithmic development of VRM may result from either a multi—
domain process or one involving fine particles whose size places them close
to the boundary between superparamagnetic and single domain behavior
at room temperature. This fine-grain VRM would necessarily involve a
narrow range of particle sizes with appropriate magnetic relaxation times.
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Because of the relatively large magnetic moments associated with the
grains, fine particle VRM should be stronger than multidomain VRM
acquired under equivalent conditions (Dunlop, 1973).

The close similarity between the magnetic coefficients $1 and 83
suggests that they represent the same process. Stage 1 VRM (and stage 3,
when present) may represent multidomain behavior. However, true multi-
domain behavior in pure magnetite only exists in particles larger than 17 ‚u
in size (Parry, 1965). In titanomagnetites or titanomaghemites the critical
grain size is even larger. Most titanomagnetite grains observed in pol-
ished sections of these basalts (Table 3) are much finer than this so true
multidomain behavior is unlikely. Possibly the VRM is associated with
pseudo-single domain particles (Stacey, 1962) which should be common
in the range of opaque mineral grain sizes observed in oceanic basalts.

Superposed on this pseudo—single domain or multidomain VRM is the
stage 2 process, which is not activated until after a threshold interval of
10—50 hours. This may be associated with fine particles between single
domain and superparamagnetic sizes. The superparamagnetic (relaxation
time < 102 sec) to single domain threshold grain size is 0.052‚um in titano-
magnetite (x = 0.4) and 0.108 ‚um if it is non-stoichiometric (Readman and
O’Reilly, 1972). Development of a superparamagnetic fraction (defined by
relaxation times shorter than the unusually large but geologically reasonable
limit of 1000 years) has been shown to be possible in oceanic basalts as a
result of maghemitization (Butler, 1973) Because of the known fine grain
size determined optically for many of these DSDP basalts and the reported
presence of discrete submicroscopic titanomagnetites in oceanic basalts
(Evans and Wayman, 1972) it seems likely that the stage 2 VRM acquisition
is associated with a narrow range of very fine grain sizes close to the room-
temperature superparamagnetic-single domain transition threshold, pos—
sessing relaxation times of the order of a few days.

Implications of VRM

The seriousness of VRM in the DSDP basalt specimens studied may be
seen by comparing the intensity of VRM acquired in 1,000 hours (VRMlooo)
in a 1 oe. field with the intensity of NRM in the same specimen (Table 4).
In a few specimens this VRMlooo exceeded the original NRM intensities
and in half of the specimens it amounted to over 30 % of the NRM; in 18 0/O
of the specimens the VRM1000 was less than 10 0/o of the NRM intensity.
Considerable variation of the fraction (VRMlooo/NRM) occurred among
specimens from the same site.

These data were obtained only for specimens with median destructive
fields below 150 oe. As yet no data have been obtained for specimens from
sites with more stable remanent characteristics. However, because of their
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higher median destructive fields and the general absence of significant
changes during preliminary storage tests, it is unlikely that VRM could
amount to more than a few percent of the NRM in such specimens. Also,
most of the VRM were acquired from the demagnetized state. It is not
expected that the ability to acquire VRM depends upon the state of re-
manence in such fine grained basalts. However, the acquisition of VRM
in different remanent states, and in high m. d. f. specimens, is currently
being investigated.

It may be concluded from these studies that, although VRM is probably
not a significant component of the NRM of stably magnetized specimens,
in low m. d. f. specimens it may amount to a large percentage of the original
NRM.

The low m. d. f. sites are located primarily in regions where linear
magnetic anomaly patterns are absent or poorly developed (e. g. Carribbean
Sea, E. and W. Atlantic margins, Southeast Indian Ocean margin). Re-
magnetization of the oceanic crust by VRM acquisition would cause deter—
ioration of any original anomaly pattern. This characteristic has been offered
as an explanation of magnetic quiet zones (Lowrie, 1973). The mineralogical
or textural properties that give rise to this viscous magnetic behavior are
thought to result from unusual conditions during initial continental
rifting (Irving, 1970).

Conclusions

The natural remanent magnetizations of most DSDP basalts from
regions with well developed linear magnetic anomaly patterns were in good
accord with the expectations of the Vine and Matthews hypothesis (1963).
The remanence was much greater than the magnetization that could be
induced in the basalts by the ambient geomagnetic field, although the
Konigsberger ratios were considerably lower than those measured in dredged
basalts. The NRM intensities were large enough to give observed magnetic
anomaly amplitudes, but the magnetic anomalies must be attributed to a
thicker magnetized layer than the 500 m usually assumed in model studies.

The remanent polarities agreed with the signs of local magnetic anom-
alies at all sites where such survey information was available. The stable
remanent inclination at individual sites commonly was appreciably different
from the value expected at the site. However, in spite of the large scatter
there was good statistical agreement between observed and expected
inclinations when compensation was made for global plate motions. The
discrepancies were attributed largely to non—cancellation of secular variation
effects.

Optical petrology and thermomagnetic analyses indicated that all of the
DSDP basalts studied belonged to class I of the deuteric oxidation scheme of
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Wilson and Watkins (1967). Extensive maghemitization appeared to be
present in basalts from a majority of the sites investigated. Although the
chemical remanent magnetization associated with the maghemitization
probably could not account for the inclination discrepancies, it may be the
principal reason for the rather low remanences found in the DSDP samples.

Although most samples had good stability against alternating field
demagnetization and in storage tests, a significant proportion had large
soft components. These acquired viscous remanent magnetization so readily
that large fractions of the NRM could be developed in only a few weeks in
the laboratory.
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Abstract. Comparison of magnetic properties of young dredged pillow lavas
with pillow lava and doleritic dyke samples from Macquarie Island shows several
interesting contrasts. The NRM intensities of Macquarie Island pillow lavas range
from 0.8 to 6.3 X 10‘3 gauss in contrast to the 10'2 gauss intensities observed in
young dredged pillow basalts. AF demagnetization curves also indicate a low
stability of NRM in the Macquarie Island pillow lavas. Thermomagnetic analysis
confirms that the diminished NRM intensity and AF stability of these late Ter-
tiary pillow basalts is the result of low temperature oxidation. Doleritic dyke
samples show NRM intensities only slightly lower than the Macquarie Island
pillows. AF demagnetization indicates that the NRM of the doleritic dykes is
much more stable than that of the pillow basalts. Thermomagnetic analysis,
optical microscopy, and microprobe data indicate that fine—grained magnetites
within host feldspar crystals are the important magnetic minerals in the dolerites.
The primary metamorphism of these dykes on emplacement has not affected the
host feldspar or the magnetite grains. These observations suggest that the con-
tribution of pillow lavas to marine magnetic anomalies will decrease with age
whereas the contribution from underlying dyke swarms will remain essentially
constant.

Key wordy: Remanent Magnetization — AF-Stability — Zoned Plagioclase —-—
Magnetic Needles —— Pillow Lavas — Doleritic Dykes — Macquarie Island -——
Ophiolites — Ocean Crust — Magnetic Anomalies.

1. Introduction

Global plate tectonic models strongly depend on data from marine
magnetic anomalies. However, even though the Vine—Matthews hypothesis
can explain adequately the origin of marine magnetic anomalies (Vine and
Matthews, 1963), it is generally accepted that the Vine-Matthews model is
only a first approximation. Hence, considerable work is being done to
characterize more fully the source rocks which produce marine magnetic
anomalies in order that we can correctly interpret their less well-understood
characteristics. Several specific observations which are yet to be fully ex-

* Present address: Department of Geosciences, The University of Arizona,
Tucson, Arizona 85721, USA.
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plained are: (a) the large central anomalies observed in some spreading
centers, (b) the so—called quiet zones of unusually small anomaly amplitudes
and (c) the total absence of anomalies from certain parts of the world’s
oceans.

There are three approaches to the problem of identifying the relative
contributions of the different rock-types in the oceanic crust to the observed
marine magnetic anomalies: (1) the study of dredge-hauls from the crest of
actively spreading ridges, (2) the study of short cores of basalts recovered
from the JOIDES deep sea drilling program and (3) the study of sub-aerially
exposed ancient oceanic crusts or ophiolites. The first approach has been
utilized by Carmichael (1970), Irving (1970), Marshall and Cox (1971, 1972).
Their work has resulted in characterizing the magnetic and petrologic
properties of young (less than 10 million years old) pillow lavas which
comprise the upper layer of young oceanic crust. The intensities of natural
remanent magnetization (NRM) and Koenigsberger ratios indicate that a
relatively thin (<1 km thick) layer of pillow basalts could account for the
amplitude of marine magnetic anomalies if the NRM intensities do not
decrease with depth or age. However, it was also clearly shown by the above
workers that the fine—grained titanomagnetite minerals, which are the mag-
netic carriers in the fresh pillow lavas, are extremely susceptible to low
temperature (<200 °C) oxidation under marine conditions. Thus it is not
at all clear whether pillow lavas older than a few tens of million years could
still be the predominant contributors to the anomalies.

The study of JOIDES basalts by Lowrie (1973) has shown that the upper
basalt layer of ancient oceanic crust is much less strongly magnetized than
are young dredged basalts. Also the JOIDES basalts frequently show the
the property of acquiring large unstable viscous remanent magnetizations
(VRM). This property would not be expected for the source-rocks of stable
marine magnetic anomalies. These undesirable properties of JOIDES basalts
along with the limited depth penetration inherent in the drilling technique
make it reasonable to question whether the JOIDES program alone will
result in an adequate model of the oceanic crust to be used in explaining
the marine magnetic anomalies.

A third approach, as exemplified by the present work, is to search for
present day sub-aerial occurrences of ancient oceanic crust, also known as
ophiolite complexes. Such an approach was pioneered by Vine and Moores
(1972) when they studied the NRM and Koenigsberger ratios of various
rock types from the ophiolite sequence exposed at the Troodos massif in
Cyprus. Our work on the ophiolites from Macquarie Island in the Southern
Ocean (54°15'S, 159°E) presents a more detailed rock magnetic and petro-
logic investigation with the same ultimate purpose. We have chosen this
island over other known ophiolite occurrences (e. g., Papua, California or
Newfoundland) because of the relatively young age (N 29 million years)



|00551||

Magnetic Properties and Mineralogy of Crust
I

539

and the relatively mild tectonic disturbance suffered by the island during
its uplift and eventual exposure (Varne and Rubenach, 1972). Both of the
above facts suggest that the rock-types exposed at Macquarie Island are
representative of Tertiary oceanic crustal material.

Field geological, petrological and geochemical investigations of Mac-
quarie Island by Varne ez‘ al. (1969) and by Varne and Rubenach (1972)
show a blockfaulted ophiolite sequence of pillow lavas, basaltic and doleritic
dyke swarms, gabbroic intrusives and mafic and ultramafic rocks, similar
to the observations of Moores (1969) in Greece and of Gass and Sweming
(1973) in Cyprus.

The average chemical composition and trace element abundances of
representative samples from Macquarie Island agree with those of forty
samples dredged from the mid-Atlantic ridge. Marine magnetic anomalies
to the west of the island are associated with the Australia-Antarctica ridge
and in fact, anomaly 7 (age: approximately 29 million years) approaches
the island from the west. This east-west trend of the marine magnetic
anomalies parallels the dominant east—west strike of the dyke swarms in the
central portion of the island. Paleontological evidence agrees with the above
age of the island and also points to the island having once been submerged to
a depth of 2000—4000 m. We believe, therefore, that Macquarie Island does
indeed belong to the Indian plate and that the oceanic crust represented by
the island was originally formed at the actively spreading Australia-
Antarctic ridge. Subsequent interaction of the Pacific and Indian plates
along the Macquarie Ridge complex has resulted in the sub-aerial exposure
of the island.

2. Magnetic Properties

To date we have studied mostly hand samples and a preliminary report on
the magnetic properties has been published elsewhere (Butler and Banerjee,
1973). A field-trip to Macquarie Island in December, 1973 has resulted in a
large collection of oriented samples of the different lithologies. These are
under study at the time of this writing. Here we shall concentrate on two
rock-types only, pillow lavas and dyke-swarm rocks (predominantly dole-
rites). The contrasting magnetic properties of these two rock—types will be
highlighted and in the next section, some unusual petrological observations
in the dykes will be correlated with the magnetic properties.

The pillow samples ranged from 0.8 to 6.3 X10“3 gauss (emu cmv3)
in their NRM values. These NRM intensities are almost two orders of
magnitude lower than the strongly magnetized fresh pillows dredged from
the mid-Atlantic ridge at 45 °N (Irving, 1970). A second characteristic
difference between these pillows and the dredged samples is shown in their
alternating field (AF) demagnetization curves. (Fig. 1 shows the AF-
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Fig. 1. AF demagnetization of pillow lava sample. Median destructive force of
NRM was only 60 oersted

demagnetization curves of the NRM and ARM (anhysteretic remanent
magnetization) of sample no. 38191 from Macquarie Island. The median
destructive field of the NRM is seen to be only 60 oersted in contrast to a
few hundred oersted for the NRM of the dredged samples. Thus, these
29 million year—old pillow lavas are both much weaker in their NRM
intensity and also much less stable than their younger counterparts. An
explanation for this has already been provided in the various chemical and
physical models for the alteration of pillow lavas at the sea-floor (Irving,
1970; Butler, 1973; Banerjee, 1971). The most important of the alteration
effects must be low temperature oxidation or titanomaghemitization, which
produces metastable cation-deficient titanomaghemite phases. On re-
heating in the laboratory, irrespective of the ambient oxygen fugaeity, such
oxidized pillows become thermally unstable and exsolve into a titanium-
rich ilmenohematite phase and an ironurich titanomagnetite phase. In Fig. 2
we observe the magnetic evidence of such an exsolution process. Sample
38193, a pillow lava sample shows an increase in saturation magnetization
as a function of annealing time (10 minutes) at 350 üC and 450 ”C in a vacuum
of 10“?" torr. The irreversible increase in magnetization is directly attribut-
able to the formation of an iron—rich titanomagnetite phase with a Curie
point near 500 “C at the expense of the original cation-deficient titano-
maghemite phase which had a Curie point of about 350 ÜC.
Fig. 3. shows an AP demagnetization curve of a representative dyke sample
(No. 112). For this sample the median destructive field of the NRM and
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ARM of the dyke sample is 525 oersted, almost a factor of 9 greater than the
corresponding figure for the pillow lava sample discussed previously. The
intenstiy of NRM of this dyke was 0.4 >< 10—“l gauss. However, NRM
intensities up to 2 >< 10—3 gauss were observed in other dyke samples. Thus,
the basaltic and doleritic dyke layer of the oceanic crust may be an important
contributor to marine magnetic anomalies. The similarity between the
NRM and ARM demagnetization curves for both the dyke sample and the
pillow sample attest to the primary nature of the NRlx-l'. The strong AF-
stability of the NRM of the dyke samples makes them excellent carriers for
stable magnetic anomalies on a geological time-scale. This is in marked
contrast to the poor behavior seen in the oxidized pillow lavas. An ex-
planation for the high stability is seen in the thermomagnetic curve shown in
Fig. 4 for another dyke sample (no. 59). The heating and cooling curves
are identical showing a Curie point (580 0C) corresponding to pure mag-
netite. It would appear from the magnetic data, therefore, that the carriers
of NRM in the dyke samples are fine-grained magnetite and are less subject
to wholesale chemical alteration than the titanomagnetites of the pillow
lavas. This tentative conclusion is confirmed by reflected light microscope
and electron-microprobe data discussed in the next section.

3. Optical and Microproba Dam

Petrographic and electron microprobe examination of 4 samples from
dyke swarms has revealed a wide range of metamorphism. Sample no. 59
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(mentioned above; Curie point of 580 C’C) is relatively fresh and unaltered
except for minor amounts of interstitial chlorite and green calcic amphibole.
The primary igneous assemblage is calcic plagioclase, augite, ilmenite and
trace amounts of chalcopyrite. Megacrysts of. calcic plagioclase up to 5 mm
in diameter are strongly zoned from An30_35 (core) to An5g(rim). Inter-
stitial plagioclase is finer grained, euhedral, and less calcic. The latter is
zoned from An65 (core) to An35 (rim) and is associated with augite, ilmcn~
ite and chlorite. Both feldspar occurrences show pronounced zoning of Fe
as shown in Fig. 5. Megacrysts are progressively enriched to 0.8 wt. % FeO
in their margins Whereas the smaller, less calcic interstitial grains are en-
riched up to 1.0 wt % FeO. Normal oscillatory zoning occurs in the
megacrysts and is indicative of relatively slow cooling from liquidus
temperatures.

In contrast, dyke swarm sample no. 118 (Curie point = 580 mC) is an
incompletely recrystallized metadolerite. The original doleritic texture is
totally preserved. Relict augite occurs in the cores of fineagrained, greenish
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calcic amphibole and provides unambiguous evidence for the original
igneous assemblage of augite, calcic plagioclase and ilmenite. But inspite
of the virtually complete recrystallization of ferro-magnesian silicates, the
original igneous plagioclase is retained and apparently has not equilibrated
with the metamorphic assemblage. Plagioclase from sample no. 118 is
compositionally zoned from An65 (cores) to An33 (rims) and from 0.60 wt.
% FeO (cores) to 0.90 wt. % FeO (rims). These feldspars occur as euhedral
laths and normal oscillatory zoning is common. These, too, are believed
to have a primary igneous origin.

In all of the dyke swarm samples studied, the feldspars contain variable
amounts of oriented opaque needles which are generally less than a micron
in length and have a length-width ratio of about 8:1. It is not possible
to use microprobe analysis to show that these ultrafine grains are indeed
magnetite, but their presence is undoubtedly reflected in the FeO con-
centrations shown in Fig. 5. However, from the work of Hargraves and
Young (1969) and Evans and Wayman (1970) it has now been abundantly
established that such opaque needles in feldspars are most likely to be single—
domain magnetite. These particles represent one of the most effective
carriers of NRM. Our observation of high AF-stability (Fig. 3) and Curie
point typical of magnetite (Fig. 4) enables us to make this preliminary
correlation. We are now extending our magnetic measurements to the
individual feldspar crystals in order to show magnetic evidence of the
presence of single-domain magnetite.

Accepting tentatively, however, that the feldspars contain the magnetic
carriers, it is instructive to determine whether the varying degrees of meta—
morphism seen in the different dyke rocks can be related to their magnetic
properties. No correlation between degree of iron-magnesium silicate
alteration and intensity of NRM and Curie point values could be seen.
Sample no. 63 (Fig. 6a) is the least-altered of the dyke-swarm samples and
has the smallest intensity of NRM. The primary augite in sample no. 118
(Fig. 6b) is completely recrystallized to calcic amphibole and has an inter-
mediate value of NRM intensity and aCurie point, again, of 580°C. These
observations point to the feldspars being, for all practical purposes, a
closed system to the prevailing primary metamorphism suffered by the
dykes on emplacement. This conclusion is substantiated by a comparison
of the preciously mentioned An—zoning (and a parallel iron-zoning) in
feldspars with the variable chemistry of the minerals which they contact.
Fig. 7 shows the now familiar zoning of calcium from core to rim seen by
microprobe analysis in two feldspar grains from dyke-swarm samples no.
63 (fresh) and no. 118 (metamorphosed). The zoning is apparently indepen-
dent of the nature of the minerals in contact with the feldspar grains and is
also independent of the differing alterations seen in the iron-magnesium
silicates in the respective samples.
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Fig. 6a. Photomierograph (transmitted light, crossed polarizers) of a fresh sample
(no. 63) from dykeuswarm showing primary igneous zonation in plagioclase
(bottom) and primary augite (top); b Photomicrograph (transmitted light) of an
incompletely metamorphosed sample (nor 118) from dyke swarm showing
euhedral, eompositionally zoned laths of primary plagioelase in a ground—mass

of caleic amphibole (dark) and minor chlorite
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(fresh). Compositions of the plagioclase-augite pair (no. 63, bottom) represent
liquidus equilibration. Primary igneous zonation is retained in feldspars contact—

ing chlorite (#63) and amphibole (#118)

These observations are unusual for continental rocks but they are
rather common in metadolerites and metagabbros dredged from the mid—
ocean ridges. Practically identical mineralogic and textural relationships
are described by Cann (1971) for metadolerites and metagabbros in dredge
hauls from the Palmer Ridge and by Miyashiro a! mi. (1971) from the mid-
Atlantic ridge near 24" and 303N. This, of c0urse, confirms even further the
essentially oceanic nature of Macquarie Island.

4. Cam/mien

Magnetic and petrologic investigations of rocks from Macquarie Island
indicate that magnetic anomalies over Tertiary age oceanic crust may have
a significant contribution from the NRM of doleritic dykes. The NRM
intensities of dyke samples from Macquarie Island are low compared to
young dredged pillow lavas but are only slightly less than the NRM in-
tensities observed in Macquarie Island pillow lavas. This suggests that the
NRM intensities of pillow lavas are diminished by low temperature oxida—
tion and/or low grade metamorphism. The existence of titanomaghemitc
produced by low temperature oxidation was confirmed by thermomagnctic
analysis. High AF demagnetization stability, optical microscopy, and
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microprobe data from dyke samples indicate that the magnetic carriers are
fine-grained magnetites in host feldspar. These magnetites have not under-
gone alteration during the primary metamorphism suffered by the dykes on
emplacement. The model of the oceanic crust suggested by our investiga-
tion of Macquarie Island rocks is one in which the contribution to marine
magnetic anomalies from the basaltic and doleritic dyke layer remains
constant while the contribution from the overlying pillow layer decreases
with age.

Acknowledgement. We wish to thank Dr. R. Varne for supplying the Macquarie
Island hand samples. This research was funded by National Science Foundation
grants GA 35249 and GA 36092 and by the Graduate School of the University of
Minnesota.
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Abstract. The relation between aeromagnetic anomalies and Precambrian rocks
in the Bighorn Mountains of Wyoming and in the Minnesota River Valley of
Minnesota reveal a good correlation between total magnetic intensity and the
induced and natural remanent magnetization. The predominantly silicic plutonic
rocks of the Bighorns are not distinguishable from one another on the basis of
susceptibility or remanent intensities. In addition, except for a rough corres-
pondence with structural trends, the mapped geology bears no close resemblance
to the aeromagnetic anomalies. However, contouring of the susceptibility data
and to a lesser extent of the remanence data produces a distinct magnetic trend
and a series of highs and lows that approximate the aeromagnetic anomaly pattern.
These results indicate that even in areas of similar rock type with adequate
sampling it is possible to correlate the geology with the aeromagnetic anomalies.

In the Minnesota River Valley a complex of upper amphibolite to granulite
facies gneisses coincides with a prominent series of aeromagnetic highs. Prelim-
inary magnetic data suggest that these highs are mainly attributable to the granuli-
tic gneisses, and that the partitioning of Fe and Ti between coexisting oxide and
silicate phases during metamorphic reactions may be important in enhancing the
magnetic intensity.

The change in magnetic intensity across a series of metamorphic isograds in
northern Michigan was also investigated. The magnetic intensity increases from
the chlorite Zone to the biotite zone, decreases in the garnet zone, and then in-
creases markedly in the staurolite and sillimanite zones. The intensity of meta-
morphism thus appears to be an additional factor that affects magnetization and
needs to be studied further.

Key words: Aeromagnetic Anomalies —- Continental Basement — Magnetism
— Precambrian —— Metamorphism.

Introduction

Aeromagnetic maps are becoming increasingly available for many parts
of the continental United States. These maps are being used with consider-
able success to help interpret the regional lithologic and structural relations
of the basement and other crystalline rocks. To gain an even better under-
standing of the relations between the geology and the aeromagnetic patterns,
trends, and intensities, more detailed knowledge of the magnetic properties
of continental basement rocks is necessary. It is the purpose of this paper to
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Fig. 1. Regional geological and structural map of the Bighorn Mountains, Wyom—
ing (generalized from Heimlich, 1969, 1971)

present preliminary results on the magnetic characteristics of some Pre-
cambrian basement rocks from the Bighorn Mountains of \Xiyoming and
the Minnesota River Valley of Minnesota, areas that are typical of part of
the North American craton. In addition, the thermally metamorphosed
rocks of northern Michigan were studied to investigate the relation between
the intensity of magnetization and the grade of metamorphism.

Brig/Jam xl ÎÛMJMHÀF, Win/wow

The Bighorn Mountains comprise a large crustal block that was uplifted
initially during the Igaramicle orogeny. Continued uplift and erosion has
exposed a core of Precambrian rocks surrounded by Paleozoic and Mesozoic
strata. The Precambrian rocks occupy an area of approximately 2900 st].
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+44.
Fig. 2. Structure contour map of the Bighorn Mountains, Wyoming (generalized
from Hodgson, 1965). Contours are in thousands of feet. Contours drawn on top

of the Cretaceous Cloverly Formation

km and consist mainly of quartz monxonite, quartz diorite, agmatite,
amphibolite, and various kinds of granitic gneiss (Heimlich, 1969). The
distribution of the major rock types and their main structural trends are
shown on Figure 1. The major rock types are in general gradational to one
another and probably evolved to their present state during regional meta-
morphism that reached the staurolite zone of the amphibolite facies (Heim-
lich and Banks, 1968; Heimlich, 1969, 1971; Heimlich and Armstrong,
l9î’2). This complex of plutonic rocks are cut by a series of diabase dikes
(Condie sf al... 1969a, 1969b) which are not shown on Fig. 1 because of
scale. Some of these rocks have been subjected to retrograde metamorphism,
principally along shear zones (Heimlich and Uthe, 1973).
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This complex of silicic plutonic rocks is in part representative of some
large Precambrian terranes in the midcontinent of the United States, for
example, the basement rocks of Nebraska (Lidiak, 1972). Aeromagnetic maps
have been used in such areas of widely—spaced sample control to help map
the basement lithology and structure. It is therefore useful to determine
whether the magnetic properties of more closely-spaced samples correlate
with aeromagnetic anomalies and whether they reflect the lithologic and
structural trends.

An aeromagnetic map has been made for this region but it presently
is restricted and not available for publication. However, a structural
contour map of the uplift, shown on Fig. 2, provides a rough approximation
of the aeromagnetic map and can be used for comparative purposes. The
main feature of the map is a pronounced northwest-trending series of highs.
The main highs occur near (1) lat. 44020’N., long. 107010’W., and (2) lat.
44035’N., long. 107”28’\V., (3) lat. 44“47’N., long. 107°50’W... and (4) lat.
44047’N., long. 107°25’W., the latter being a subsidiary high. Lows are
present in the vicinity of (1) lat. 44°00’N., long. 107015’W’., (2) lat 44035’N ,
long. 107°OÜ’W.‚ and (3) lat. 44°50’N., long. 107040’W.

It is clear from a comparisun of Figs. 1 and 2 that the mapped lithology,
which is based mainly on variations in silicate mineralogy, bears no close
relationship to the aeromagnetic anomalies. The structural trend does,
however, show some general correspondence. The major synformal axis
in the northern part of the uplift is subparallel to the main magnetic trend,
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and the main metamorphic fold lines (which represent the trend of the
dominant foliation) are approximately at right angles to the magnetic trend.

To investigate the relationships further, the suspectibility and re-
manence of nearly 200 samples of the main rock types were measured. The
results are shown in histogram form on Figs. 3 and 4, respectively. Two
comments about this data appear worthy of note: (l) the quartz monzonites,
quartz diorites, and granitic gneisses show wide variation in susceptibility
and remanent intensity, with many values higher than ordinarily attributed
to such silicic rocks; and (2) the diabases yieldin part higher values than the
other rock types, but the more silicic rock groups cannot be distinguished
from one another on the basis of susceptibility and remanence. The over-
lapping ;ntcnsities may account for the apparent lack of correlation be—
tween the mapped geology and the aeromagnetic anomalies. However, such
relations do not preclude a correlation, but indicate that the intensity of
magnetization gives only a rough approximation of silicate rock type.

Preliminary microscopic examination of about 50 polished rock speci—
mens suggests that the high susceptibility and remanent values occur in
rocks that have higher concentrations of magnetite. The magnetite com—
monly contains thin lamellae of hematite. Minor discrete ilmenite grains
may also be present. The lower magnetic intensities appear to be the result
of either sparse magnetite content, oxidation or hydration of magnetite, or
of ilmenite being the sole Fe—Ti oxide phase in the rock.

In making the magnetic measurements a grouping of: magnetic intensity
by locality was recognized. Accordingly, it was decided to contour the
susceptibility and remanent intensities to determine the regional pattern and
trend. Contour maps were constructed utilizing a computer printout. 1t
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Fig. 5. Contour map of the susceptibility variations in the Precambrian rocks of
the Bighorn Mountain, Wyoming

should be emphasized that the resulting maps are not standard contour
maps inasmuch as some of the contours and the values between contour
lines represent an extrapolation of the data points rather than an inter"
polation.

The contoured susceptibility data is shown on Fig. 5. A strong north~
west trend of the anomalies, closely similar to the aeromagnetic trend, is
present. Three of the aeromagnetic highs (1,2,3) previously noted are
somewhat displaced relative to the three main susceptibility highs, but all
lie along the main northwest trend. The subsidiary aeromagnetic high (4)
coincides with the broad susceptibility high near lat. 44”45’N., long.
IOTOZS’W. Similarly, aeromagnetic low (3) corresponds to the broad
susceptibility low in the northermost part of the contoured area. Aero~
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Fig. 6. Contour map of the natural remanent intensity variations in the Precambrian
rocks of the Bighorn Mountains, \Wyoming

magnetic low (2) lies along the steep susceptibility gradient near lat.
44Ü35’N., long. '107000’\-‘Cl".; aeromagnetic low (1) is south of the contoured
area. In general, it can he stated that the regional susceptibility pattern
corresponds well to the variation in total magnetic intensity.

The remanent intensity was also contoured and the results are shown
in Fig. 6. A prominent northwest trend is similarly apparent in this map.
The remanence highs and lows do not, however, correspond to the aero-
magnetic highs and lows as closely as do the Susceptibility anomalies.
Aeromagnetic highs (1 and 3) occur, respectively, along the western and
along the southwestern gradient of the two main remanence highs. Aero-
magnetic lows (2 and 3) also occur along remanence gradients. One of the
aeromagnetic highs, (2), occupies the saddle between the two elongate lows
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Fig. 7. Variation of the Konigsberger ratio (Q’) in the Precambrian rocks of the
Bighorn Mountains, Wyoming

along the southwestern part of Fig. 6. Only aeromagnetic high (4) co
incides with a remanence high; it lies along the northwest—trending high
in the center of the map. It is thus apparent that the remanent intensity“
pattern only roughly approximates the total magnetic intensity. This lack
of a close correlation rnaj.F be due in part to the fact that the remanence was
contoured as a scalar quantity rather than as a vector. The effect of the
remanent direction on the regional anomaly pattern needs to be considered
further.

It appears from the foregoing discussion that the main contribution
to the total magnetic intensity derives from the susceptibility. That the
remanence also contributes to the total intensity is evident from a consider-
ation of a modified Konigsberger ratio (Q’ z jNRM/K) of the individual
rocks. These are shown in Fig. 7. The plotted ratios have both a positive
slope and a wide variation, with ratios ranging from about 100:1 to
about 0.01:1.
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Afiencrom River 1/22/18);

Another sequence of basement rocks that may have wide distribution
southwest of the Canadian Shield are the earl3' Precambrian granitic
aneisses and 1oungcr intrusive rocks that are exposed in the 1Minnesota
R13; er Valle3 of southwestern Minnesota The main rock t3pes are a series
of migmatitic gneisses that have been intruded b3. granite plutons, and in
turn, b3' diahase dikes and other small intrusions (Lund, 1956; Goldich at mi,
1961; Himmclbcrg, 1968; Grant, 1972). Some of the gneisSes are 3550 m. 3'.
old, and they have been metamorphosed, deformed, and intruded by granite
2650 m. 3'. ago (G oldich a! HA, 1970). These events have left the gneisses with a
metamorphic grade in the upper amphibolite or granulite facies, and witha
predominant east to east-northeast—trendingr foliation and a steep dip
(Himmelberg and Phinney, 1967; Grant, 1972). Thc 3'ounger diabase dikes
have a similar orientation. Some of these rocks were subjected to low
grade metamorphism about 1850 m. 3'. ago.



558 Ii. G. Lidiak

MINNESOTA RIVER VALLEY
CURIE TEMPERATURES

i
du

beefing
cooling ——-——r-

Diabase-S

T¢=5ss'e ‘

a i 2 is 4 i. is

Gneiss-l
|

Gneiss -IO Gneiss- E l
Tc= 575°C Tc=575‘C Tn=575' C

D I I 1 J. I ‘K I I 1 l I I 1 1‘ I l J. L
l 2 3 4 5 s I 2 3 4 s s I 2 3 4 3 s

T'C x IOO

Fig. 9. Curie temperatures from Precambrian rocks of the Minnesota River Valley.
Sample numbers are the same as in Fig. 8

The rocks are exposed only in the valley of the Minnesota River, but
magnetic and gravity anomalies suggest that the rocks have a much greater
extent in the subsurface. For example, a prominent series of magnetic
highs extends for a distance of about 400 km from south-central Minnesota
(Zietz and Kirby, 1970) through the Minnesota River Valley to east—central
South Dakota (Lidiak, 1971). In view of the antiquity of the gneisses and
their significance to early Precambrian geology of the North American
eraton, it is important to establish whether the magnetic highs can indeed
be attributed to the high grade gneisses or whether other causes must be
sought

With this object in mind, the magnetic properties of ten rocks from the
Minnesota River Valley were studied. Four of the samples (1, T, 8, 10)
belong to the granulite facies, four (2, 3, 4, 6) to the upper amphibolite
facies, one (5) is a granite, and one (9) is a diabase. The susceptibility and
remanence of these rocks were determined and the results are shown on
Fig. 8 in the form of a modified lionigsberger ratio (Q). Three of the
four granulites have moderate to high susceptibility and remanence; the
amphibolite grade rocks have low to moderate intensities. These results,
although not compelling statistically, are compatible with the suggestion
that the granulites, and probably also the diabases, may be responsible for
the high magnetic anomalies.
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Fig. 10. Alternating-field demagnetization curves of Precambrian rocks from the
Minnesota River Valley. Sample numbers are the same as in Fig. 8

Reflected and transmitted light studies of the ten samples reveal din—er—
ences in opaque mineralogy and mineral associations that help to account
for the variation in magnetic intensity. Magnetite is the main oxide phase;
ilmenite occurs only as a minor accessory. The magnetite is essentially
homogeneous but may contain sparse blebs or thin lamellae of hematite.
Some of the magnetite is also peripherally altered to hematite, which, in
turn, may be rimmed by maghemite. Rocks showing the greatest amount
of oxidation are samples 2, 3, and 7, all having low magnetic intensity.

In addition to oxidation, another factor that may help to account for varia-
tions in intensity is the composition of the magnetite. Magnetite occurs
both as discrete grains and in association with biotite, orthopyroxene, or
hornblende. The latter mode of occurrence is particularly applicable to the
granulites where most of the magnetite is partly intergrown with titan-
biotite or orthopyroxene. Fig. 9 shows that the magnetite in the granulites
has a Curie temperature of. essentially pure Fe304. An additional factor in
the magnetic intensity of the granulites may thus be metamorphic reactions
in which Ti is preferentially partitioned in the silicate rather than in the
oxide phase.

The grain size of the magnetites in these rocks is variable but mainly in
the range from 0.01 mm to 0.5 mm in diameter. The grains are thus of the
multi—domain type. Demagnetization curves (Fig. '10) show that the
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remanent intensity of the magnetite in six of eight samples is decreased
by more than one-half in an alternating field of less than 100 oersteds.

Nart/26m Mz'chz'gan

The apparent relation between magnetic intensity and grade of meta-
morphism in the Minnesota River Valley prompted a further investigation
into the extent to which metamorphism may affect magnetic intensity. The
well-known thermal domes of metamorphism in the upper peninsula of
Michigan described by James (1955) were studied to determine the effect
over a wider range of metamorphism. The eastern part of this region was
selected because (1) a series of mineral isogards ranging from the low-grade
chlorite zone through the high-grade sillimanite zone are developed in a
variety of rock types, (2) rock exposures are adequate, (3) the metamorphism
is mainly of the thermal type, and (4) aeromagnetic maps are available for the
region.

ThePrecambrian rocks in the upper peninsula have been described by Van
Hise and Leith (1911), Leith et al. (1935), and James (1955, 1958). Detailed
geologic maps for the parts of the area studied have been published by Bayley
(1959), Bayley et al. (1966), Dutton (1971), Gair and Weir (1956), James et al.
(1961, 1968), and by Weir (1967). The rocks consist of a lower sequence of
greenstones, granitic gneisses, and amphibolites that are overlain un-
conformably by a series of metamorphosed iron formations, metasedimen-
tary graywackes and shales, and metavolcanic strata, and by a younger
sequence of essentially unmetamorphosed sandstones, conglomerates,
and extrusive volcanic rocks. The aforementioned zones of metamorphism
were imprinted prior to the deposition of the youngest sequence near the
end of or after the last major peroid of metamorphism and igneous in-
trusion in the region. The metamorphic zones are delineated by the chlorite,
biotite, garnet, staurolite, and sillimanite isogards or their equivalents that
are developed around four nodes or thermal domes. The metamorphic
pattern shows no close relation to the regional structure or exposed granitic
bodies and has been ascribed to metamorphism by subjacent igneous
intrusion (James, 1955).

Case and Gair (1965) have shown that there is a close correlation be-
tween the aeromagnetic anomaly pattern and the known or inferred geology.
The trend of the iron formations in particular is clearly outlined, but other
units can be delineated as well. Similar results were obtained by Meshref
and Hinze (1970) in a large area immediately to the west. These investiga-
tions show the value of aeromagnetic data in determining the regional
structure and lithology in Precambrian terranes.

In order to determine whether the grade of metamorphism has an
effect on the magnetization of the various lithologic units, the mineral
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Fig. 11. Relation between magnetic intensity (in gammas) and grade of meta-
morphism in northern Michigan. Intensity is relative to an arbitrary datum

isograd pattern was superimposed on the regional aeromagnetic map of
Case and Gair (1965). The maximum and minimum magnetic anomaly
intensities for the different grades of metamorphism in the greenstones,
metasedimentary graywackes and shales, and iron formation were then
determined. An attempt was made in compiling this data to select only
regional maxima and minima that are not affected by magnetic edge effects.
The averaged data are summarized on Fig. 11. These results show that for
all three rock types the total magnetic intensity increases from the chlorite
to the biotite zone, decreases in general in the garnet zone, and then in-
creases in the staurolite and sillimanite zones. A metamorphic effect is thus
indicated. The specific cause for the changes in intensity has not been in—
vestigated in detail but probably reflects various metamorphic reactions that
produced the series of isogards.

The effect of metamorphic grade on intensity of susceptibility and
remanent magnetization was also studied on 21 samples of the metasedi-
mentary graywacke and shale sequence. The results (Fig. 12) show some
scatter but do indicate that both the susceptibility and the remanence are
mainly higher in the staurolite and sillimanite zones. A lower remanence
is also indicated in the garnet zone. The intensities in the chlorite and biotite
zones, however, are essentially the same. These results, particularly from
the higher isograds, are in general agreement with the variations in total
magnetic intensity. Further study is clearly indicated, however, before the
effects of metamorphism on magnetization can be ascertained.
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Fig. 12. Relation between intensity of remanent and induced magnetization and
the grade of metamorphism in metasedimentary rocks from northern Michigan

Coar/miam

This study has shown that exposed Precambrian crystalline rocks can
be correlated very well with regional aeromagnetic maps not only in
tetranes that contain widely diverse magnetic rock types but also in regions
where basement lithology is similar. In the rocks studied in this report
susceptibility and remanent magnetization are both important components
of the total magnetic intensity. Both parameters need to be considered in
evaluating aeromagnetic data and in making quantitative interpretations.

The concentration of magnetic minerals is probably the main parameter
that controls the intensity of magnetization among rock bodies. Preliminary
results on the metamorphic rocks reported on in this paper indicate that
grade of metamorphism is also a factor that aHects magnetic intensity. As
most if not all Precambrian crystalline rocks are metamorphosed to some
degree, this effect needs to be considered in evaluating aetomagnetic
anomalies. The variation in magnetic intensity with grade of metamorphism
has application not only to exposed rocks but also to rocks buried at depth
in the crust, particularly in areas of high heat flow where a series of meta-
morphic isograds may be developed.
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Abn‘ract. Dense black serpentinous dunites with a characteristic sooty appear-
ance were investigated. Microscopic examination shows that the rock consists
mainly of serpentine with rare olivine grains, disseminated sulphides, mostly
pyrrhotite with magnetite plates. Along the cracks in the rock or in the serpentine
veins a black finely dispersed substance develops. The carbon content in the rocks
according to seven samples varies from 0.08 to 0.40 per cent. On acid treatment
the rocks are discoloured which indicates the mainly sulphide composition of the
sooty substance. After hydrofluoric acid treatment only chromite is found in the
insoluble residue which indicates the presence of carbon in soluble, i.e. carbide form.
In order to verify this suggestion a thermomagnetic analysis of the samples was
carried out since all the carbides of iron are ferromagnetic. Magnetic susceptibility
varied from 310.10‘6 up to 3570.10’6 e.m.u. According to natural remanent mag—
netization In and Qn — coefficient groups of rocks are determined: In = 54—
310.10“6 e.m.u.,Q„ 1 and In = 16300—8100010‘6 e.m.u.,Qn = 20—64. Thermal
demagnetization of [rs dunites for 11 samples resulted in [rs (T) curves that are
characteristic of a three-phase system with the Curie temperatures varying in the
ranges of ZOO—230°C, 300—400°C, 550—570°C due to the presence of cohenite ———
Fe3C, pyrrhotite with different sulphur content and magnetite, respectively.

The samples investigated confirm the presence of the soluble form of carbon-
cohenite in ultrabasics which is the main carbon carrier in those rocks.

Key words: Serpentinous Dunites — Cohenite —— Magnetic Properties — Thermal
Demagnetization - Curie Temperature.

Thermomagnetic analysis of ultrabasic rocks has been employed for the
first time in order to detect the soluble form of carbon, cohenite FCgC,
present in rocks in a finely dispersed condition. Cohenite is called ‘cementite’
in metallurgy.

Investigations were carried out at the Urals Scientific Centre of the USSR
Academy of Sciences, in the Institute of Geophysics’ Geomagnetism and
Magnetometry laboratory, under supervision of prof. N. A. Ivanov, and
also at the Petrography laboratory of the Geology Institute under the
supervision of prof. D. S. Steinberg.

The research on cohenite was carried out using serpentinous dunites
taken from the Southern part of the Kempersy massif situated in the Ural-
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Taus anticline. The rock samples were taken from boreholes situated in the
South—Western arched uplift of the massif, where the deposits of chromite
are located. Our data are related to the Almazno—Zhemchuznoe and Molo—
dyozhnoe deposits.

The dense black serpentinous dunites, with a characteristic sooty
appearance, occur in these deposits near chromite bodies. Their thickness
varies from one to some dozen metres. The dunites are characterized by
immense sulphide impregnation. Microscopic examination showed that the
rock consists mainly of serpentine with rare olivine grains. The degree of
serpentinization of these rocks (alpha-chrysotile) is from 80% to 95%.

The development of a black finely dispersed substance along the cracks
in the rock or in the serpentine veins attracts one’s attention. Microscopic
examination of the ore minerals in reflected light showed that they are
represented mainly by sulphides, pyrrhotite predominating, rare grains of
pyrrhotite —- petlandite being marked. More rarely, chalcopyrites can be
met as proudcts of disintegration in pyrrhotite. Magnetite plates in pyrrho-
tite form an exsolution structure. Chromite has sometimes magnetite rims.
The method of magnetic powdergraphy is used to mark ferromagnetic and
antiferromagnetic varieties among pyrrhotites.

The carbon content in the rocks, according to seven samples, varies from
0,08 to 0.40 per cent. On acid treatment the rocks are discoloured, which
indicates the mainly sulphide composition of the sooty substance. After
hydrofluoric acid treatment only chromite is found in the insoluble residue,
which indicates the presence of carbon in soluble, i.e. carbide form (Stein—
berg, 1972).

Since carbides were not found with the help of a microscope, because
they are finely dispersed (by analogy with brucite), and since the carbide of
iron is ferromagnetic, thermomagnetic analysis was employed in order to
find the carbide in the rock. According to Bosort (1956), Vol (1962), and
Kosolapova (1968), cohenite’s Curie point is 210—2200C, and the Curie
point of carbide (F62C) —— is 265°. Cementite’s saturation magnetization is
approximately 1000 gauss according to Yanus (1946).

The remanent magnetization and magnetic susceptibility measurements
were made using a ballistic device constructed by N. A. Ivanov and V. M.
Menkov (1956), with a full scale sensitivity of E = 400.10—6 e. m. u. of mag—
netic moment. Rock sample heating in steps of 30 to 50° was carried out in a
tubular nonmagnetic furnace. In order to get the remanent magnetization of
saturation the rock samples were magnetized in an electromagnet in fields
up to 8000 Oc.

The magnetic properties of the rock samples are given in the table.
Magnetic susceptibility varies from 310.10“6 up to 3570.10—6 e.m.u. Ac-
cording to natural remanent magnetization two groups have been found:
jn = 54—31010“6 emu and _[n = 16300.10"6 emu. Two groups are also
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Fig. 1 Thermal demagnetization Irs of the dunite samples: a A-I; b A—3; c A-S;
d Mrlî; Sample Nos are given in corresponding Table [first heatingflf repeated

heating
The curves suggest three ranges of Curie points: 200°m—230", most clearly marked
in a—I, b and c, 300°"—400D and 5500....5700 corresponding to the presence of

cohenite, pyrrhotite and magnetite respectively

evident in the Q—ratio the first with Q <5: 1, the second with Q = 20 to 64.
Thermal demagnetization of the saturation remanence resulted in

curves suggesting a three-phase system with Curie temperatures varying in
the ranges of 200—2300, 300—4000, 550—5700 (Fig. 1). The 200 to 230°
phase is probably due to the presence of cohenite. The 300—-400O phase may
be due to pyrrhotite with varying sulphur content. The BSD—570° phase
corresponds to magnetite. In three samples, A-3, 4 and 5, (Fig. 1, b), a phase
with Curie point in the range of 250—2650C was observed, apparentlyr
represented by carbide of iron FegC. This phase is observed only in those
samples which do not contain a cohenite phase. In the samples A-3 and A-Z
(Fig. 1, b), the phase with Curie point 460° is noted, but it remains to be
seen optically.

Repeated heatings caused no big curve changes, but the kinks shifted to
higher temperatures. The saturation remanence amplitude increased after
the second cycle of heating. Such an increase of remanence after heating, may
be explained by the presence of ferromagnetic pyrrhotites. Brodskaya 3:35.
(1970) noted remanence increases in ferromagnetic pyrrhotites of 1,5 to 3,5
times after heating. The cohenite quantity was not determined but theo-
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retically it can be calculated from the content of free carbon. These data are
given in the Table 1.

Thermomagnetic research has therefore confirmed the presence of the
soluble form of carbon—cohenite, which is the main carrier of carbon in the
ultrabasic rock of the Kempersy massif. It may be that cohenite will become
a useful magnetic mineral for rock magnetists and palaeomagnetists.
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Abstract. An outline is given of the scientific objectives of the AEROS

mission, together with the experiment complement and orbital characteristics
required to meet these objectives on both the AEROS-A and B satellites.

Key words: Aeronomy Satellite — Upper Atmosphere — Ionosphere.

Introduction

During the past decade significant advances have been made in our
understanding of the earth’s upper atmosphere, primarily as the result of
the in situ measurements on satellites. Although the physical characteristics
of the upper atmosphere, i.e., the density, composition and temperature
of the neutral and ionized components have been measured on a number of
satellites in the past, these measurements were usually isolated and often
could not easily be cross-correlated.

Since the ionosphere has its origin in the interaction of solar ionizing
(EUV) radiations with the neutral atmosphere, an understanding of its
behavior requires experimental data on all observables from which second-
ary information on the physical and chemical processes occurring can be
derived. It has long been the goal of aeronomers to measure simultaneously
the important parameters of the upper atmosphere, however, only a sa-
tellite wholly dedicated to aeronomy has any hope of meeting this goal.
While such an ambitious enterprise, including orbital change capability,
is being undertaken by the U. S. Atmosphere Explorers (the first of them,
the AE—C now being in orbit) [Dalgarno et al., 1973], the joint German-
U. S. aeronomy satellite AEROS-A was actually the first to meet some of
the objectives of simultaneous measurements of the main aeronomic
parameters and the ionizing solar radiation, and to perform orbital adjust-
ment with its limited on-board propulsion system.

* German AEROS Project Scientist.
** NASA AEROS Project Scientist.
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EUV

NEUTRAL
> ATMOSPHERE
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CHEMISTRY
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Ni '(Ne)'mitTeaTi

Fig. 1. Schematic block diagram of the interaction of solar ionizing radiations
with the neutral atmosphere, responsible for the formation of the ionosphere and
heating of the neutral upper atmosphere leading to pressure gradients (Öp/öx)

which in turn are responsible for dynamic effects in the upper atmosphere

Objectives

The principal objective of the AEROS-A (and B) satellites is the study
of the physical and chemical processes in the earth’s upper atmosphere
and ionosphere by means of simultaneous maesurements of the following
parameters:

1. Neutral atmosphere composition (m1), density (n1), and temperature
(7);

2. Ion composition (mi), density (Ni), and temperature (Ti);
3. Electron density (Ne) and temperature (Te), and flux of suprathermal

electrons ((De);
4. Solar EUV ionizing radiation (45,1).
The importance of these parameters to the understanding of the behav-

ior of the upper atmosphere can be seen from the following simplified
diagram (Fig. 1). This diagram shows that solar EUV radiation is respons-
ible not only for formation of the ionosphere but at the same time is also
the principal heat source for the neutral atmosphere and thus affecting
its composition and dynamics (in terms of pressure gradient, öp/öx),
which in turn affects the behavior of the ionosphere. In addition, heat
sources not related to solar EUV radiation, i.e. of “corpuscular” or
“magnetospheric” origin, can be inferred from the latitude variation of
the measured atmospheric parameters. Thus, we have a complex interactive
system (see e.g. Chandra and Herman, 1969; Stubbe, 1970; Stubbe, 1973)
for which the AEROS experiments provide important input parameters.
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Table 1. Experiments on AEROS

Principal
investigator

Instrumentation (Code) Primary parameters measured

D. Krankowsky

K. Spenner

E. Neske

G. Schmidtke

N. Spencer

M. Roemer

Neutral and ion mass-
spectrometer (MS)

Retarding potential
analyzer (RPA)

RF-impedance probe (IP)

EUV spectrophotometer
(EUV)

Velocity-distribution
analyzer (NATE)

Satellite drag, passive
(ADA)

Neutral and ion composition (mj,
mi) in the mass range 1—44 amu,
absolute neutral number densities
(”1)
Electron temperature (Te), electron
concentration (Ne), suprathermal
electrons ((De) up to 30 eV, ion
temperature (T,), concentrations of
major ions (Ni, mi)
Electron concentration (Ne) With
high spatial resolution (8 km)

Solar energy (45),) in the wavelength
range 160 . . . 1062 A, height
profiles of 11(0) and n (N2)
Neutral gas temperature (Tn), N2
and total number density („(Nz),
2771)
Total gas density (amj =91) at
perigee

Scientific Payload

The first AEROS satellite (AEROS—A) was in orbit from 16 December
1972 through 22 August 1973. The second flight unit, AEROS—B, was
launched on 16 July 1974. Both carry the same experiments as listed in
Table 1, and only minor modifications have been applied to some of the
AEROS-B instrumentation to improve performance.

Although the objective of the mission requires simultaneous measure-
ment of a variety of aeronomic quantities, the payload capacity of the
Scout vehicle puts a limit to the number of scientific instruments the
spacecraft can carry. It was therefore necessary to develop experiments
capable of combining the measurement of diiferent parameters, which is
normally achieved by periodic switching the operational modes in intervals
of only one or a few spin revolutions (1 rev. corresponding to 6 sec).
As Table 1 illustrates, the payload complement to a certain extent provides
redundancy for the measurement of some of the aeronomic parameters
which is not only an advantage in case an instrument fails but also allows
for internal cross-check which improves the confidence in the measured
data.
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For reasons of telemetry efficiency, measurements of three of the ex-
periments can be synchronized with the minimum angle of attack. This is
accomplished through the use of an ion sensor and special circuitry which
adjusts the real time bit rate and phase to synchronize the telemetry data
format to the spacecraft spin. Data handling is performed by using any one
of two measuring programs. In the spin-phase controlled program the
experiments which are sensitive to the angle of attack (MS, RPA, and
NATE) are measuring every time when the phase of the spin corresponds
to their respective favorable orientation. In the other program controlled
by the clock the RPA and MS experiments measure intermittently over
complete spin revolutions, but with intervals of several spins of no data.

On AEROS-A all experiments performed as expected, except for the
impedance probe; electron concentration measurements were obtained by the
retarding potential analyzer. In si”; neutral atmospheric temperature could
not be obtained at a sufficient rate due to a malfunction of the spinphase
controlled telemetry, and it was therefore decided to operate the velocity
distribution analyzer in a mode to measure atmospheric composition. With
the exceptions mentioned, AEROS—A yielded the complete set of aero-
nomic parameters as planned, over its entire lifetime. On AEROS—B all
scientific instruments as well as the spin phase control are performing quite
satisfactorily.

Orbit

The first AEROS satellite had an initial apogee of 865 km and a perigee
of 220 km height, and the inclination of the orbit plane was 96.9 degrees.
These parameters were selected in order to obtain measurements at all
latitudes and at fairly low altitude over a reasonably extended lifetime,
and to provide constant local time at any given latitude.

A low perigee is important as some of the experimental methods are
restricted to low altitude and aeronomic parameters there are of greatest
interest. Measureable amounts of atmospheric argon which is regarded as
a good indicator of temperature, and nitrogen in concentration sufficient
for kinetic temperature determination by analysis of the velocity distribu-
tion, are only existing at altitudes below approx. 300 km. Thus, the objec-
tive to infer the conditions at the lower boundary of the thermosphere from
the relative concentrations of neutral constituents measured at higher
altitudes (see e. g. Chandra and Sinha, 1974) calls for a perigee not higher
than 200—250 km. The orbits of both AEROS satellites meet this require-
ment but still allow for lifetimes between a half and one year which is
necessary to study seasonal phenomena.

In order to guarantee a successful mission even in the event that the
initial perigee is much too low or too high which might have resulted from
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Fig. 2. Plot of variation of perigee latitude and local time during the course of the
AEROS-A mission, illustrating the coverage of low altitude measurements.
Note that complete latitude coverage is obtained for almost constant day and

nighttime conditions, respectively

vehicle injection errors, the satellite has a propulsion system on board
for fine adjustment DE the flight altitude. On AEROS-A it was used twice:
raise DE apogee by 155 km after 163 days in orbit extended the mission by
about two months, and final perigee kickdown provided a week DE maesure-
ments at altitudes as low as 165 km decreasing to 135 km prior to re-entry.
The selected inclination causes a precession rate DE the orbit plane which
just compensates for the mean motion DE the sun. The result is an orbit
that is stable in local time. At the ascending and descending nodes the local
solar time is 1500 and 0300 hours, respectively, which is close to the diurnal
extrema of the atmospheric density bulge. It had been concluded that such
type of an orbit would considerably facilitate data analysis and interpre-
tation of latitude, altitude, and season effects.

The path of the AEROS—A perigee with respect to latitude and local
time is shown in Fig. 2. The orbit parameters DE the AEROS-B satellite
are practically the same (868 km apogee, 217 km perigee, 97.4 degrees
inclination), but it started at a different time in the year.

Symmetry

Although the detailed scientific results DE the AEROS-A mission will
begin to appear in the literature in the near future, we want to briefly
summarize two of the most significant ones: (1) AEROS-A provided for
the first time long—term measurements DE EUV fluxes which suggest that
the photon fluxes during that time were significantly higher than those
used in recent models of the ionosphere; (2) exospheric temperatures
derived from the seasonal and latitudinal variation of neutral constituents.
specifically N2 and Ar, clearly show significant contributions to upper
atmosphere heating at high latitudes from sources not related to solar EUV.



|00588||

576 P. Lammerzahl and S. J. Bauer

The AEROS—B satellite will operate simultaneously with other aero—
nomy satellites such as AE, ISIS, and San Marco, and cross—correlations
with them and a host of groundbased observations should contribute to a
better understanding of the physical and chemical processes in the earth’s
upper atmosphere.
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Abstract. During the mission of the satellite AEROS-A the EUV spectro-
meter monitored the solar photon fluxes within the wavelength range from
106—16 nm. In a special mode of operation the attenuation of specific emission
lines within the upper atmosphere has been measured to derive neutral densities
by means of EUV absorption analysis. Also airglow emissions and degradation
effects of the multipliers have been recorded by the two channel instrument of
planar grating geometry, which is described in detail.

Key wordy: Aeronomy — Solar EUV Photon Fluxes — Upper Atmosphere —
Absorption Analysis — Neutral Densities — Airglow — Planar Grating Geometry.

1. Scientific Aim:

The AEROS—EUV spectrometer has been developed specificly with
regard to the scientific objectives of the German—US aeronomy satellite
AEROS. To the integrated data evaluation of this program the EUV spec-
trometer contributes the solar extreme ultraviolet (EUV) emission flux
densities within the wavelength range from 106 nm to 16 nm.

This energy interval constitutes the main portion in the energy balance
of the upper atmosphere due to the absorption of the radiation by atomic
and molecular oxygen and molecular nitrogen above 120 km resulting into
the production of ion-electron pairs and the excitation of neutral particles
(e.g. fluorescent scattering). The generated photoelectrons heat up the
electron gas, the ions, and finally the neutral particles, whereas the excited
neutrals do reemit most of the absorbed photon energy at longer wave-
lengths at least for heights where the collision probability is negligible
during the absorption-reemission process.

The conversion of the EUV energy within the upper atmosphere will
be investigated computing the primary and secondary ionelectron produc—
tion rates, the energy spectrum of the photoelectrons, and the excitation
of neutral components (Fig. 1). These data are needed for the integrated
data evaluation to calculate the thermalization of the photo-electrons and
their role in the transfer of EUV energy.

For special parts of the orbit the number densities of atomic oxygen
and molecular nitrogen will be derived from attenuation measurements of
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Fig. 1. Data evaluation of the AEROS-EUV‘spectrometer

the two helium emission resonance lines at 58.4 nm and 30.4 nm. These
data will contribute to the construction of atmospheric models and to the
calibration of the mass spectrometers on board of the satellite.

2. Measuring Principle
The spectrometer makes use of non-focusing planar grating geometry,

which has been applied in space research first by Bedo and Hinteregger
(1965).

The ambient ionospheric plasma has to be screened off from the optical
part of the spectrometer by a set of three metallic double grids (Fig. 2).
The outer one is at satellite zero potential, the middle one at +28 V, and
the inner one at ———22 V. The optical transparency exceeds 90%.

The radiation to be analyzed passes through these metallic grids,
through which the spectrometer is outgassed at the same time.

An aperture mounted in front of the grating limits the accepted radia-
tion and also protects the inner volume from straylight.

The solar radiation passing the aperture is diffracted by the planar grat-
ing. According to the theory a specific wavelength 1 will be diffracted at
the angle b depending on the angle a of the incident radiation and the
grating constant d,

l=d(sina——sinb). (1)

Spectral selection is achieved by a revolving Soller collimator of the
grid type, which is dimensioned to act as a mechanical collimator and as a
diffraction filter at the same time (Schmidtke, 1968; Schmidtke, 1970).
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The function of the diffraction filter is to lower the amount of scattered
light, especially of hydrogen-Lyman-alpha.

The photon intensity is measured by a magneto-electrostatic multiplier
(Bendix MEM 306) with a tungsten photocathode, followed by an ampli-
fier and pulse counting electronics.

3. Experimental Technique

Two similar optical systems are incorporated in the EUV spectrometer,
each consisting of an aperture with a plasma screen, a planar grating (2100
grooves mm"1 in channel 1 and 3600 grooves mm"1 in channel 2), a Sollcr
collimator, a photomultiplier with high voltage supply, and an amplifier.
The two spectrometers are mounted in one box fabricated of magnesium
and sealed from the spacecraft interior volume, with the optical planes
being oriented in parallel.

Both collimators can rotate about their common axis within an angular
range of 18°. Their alignments with respect to the grating (angles 5) differ
by 2”, so that the solar emissions at 58.4 nm (channel 1) and at 30.4 nm
(channel 2) are recorded simultaneously.

C

PLANAH
GRATlNG
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In channel 1 the angle b varies from 50° to 68° and in channel 2 from
52° to 70°, providing the wavelength ranges from 106 nm to 31 nm and
from 57 nm to 16 nm, respectively, with an angle a of 84.5 °. The spectral
region from 52 nm to 32 nm is covered in both spectrometers.

Taking into account the geometrical window function of the colli-
mators a spectral resolution of 0.5 nm to 0.4 nm and 0.3 nm to 0.2 nm,
respectively, is derived, however, the diffraction within the collimator will
increase these values almost a factor of two for the longer wavelengths.

The design of the collimator makes use of a new technique: While
usually electrolytically formed grids are utilized, here frames strung with
fine parallel wires (stainless steel, 0.028 mm diameter) provide the slit
structures. Characteristic distances of the frames determine the optical ray
path. Within a carefully fabricated block 5 frames of different thicknesses
are aligned with an accuracy better than 0.001 mm.

The total geometrical aperture (full width) is about 0.1°.
The collimator is rotated in 492 discrete steps driven by a stepping motor

with gear train, which is lubricated with UHV lubricant. This part is sealed
against the optical part of the spectrometer.

In order to save energy the motor is powered (2.4 W) during step
switching only, resulting in an average power consumption of approx-
imately 0.45 W.

The anodes of the multipliers are connected to charge sensitive pre-
amplifiers followed by voltage amplifiers, dc restorers, and discriminators.
The sensitivity can be varied in 10 steps from 8.10“15 C to 5.10-13 C. Two
of these steps (2.10—14 C and 2.10“13 C) are switchable by telecommand.
The 10 steps are needed to measure degradation effects of the multipliers
during calibration and during flight (see 4.3).

4. Mode: of Operation
The AEROS satellite is of a Scout type, therefore solar pointing of the

spin axis is possible with an accuracy of some tenths of a degree only.
Misalignments up to 5° have to be taken into consideration. The resulting
wavelength shift due to inaccurate solar pointing and the spin rotation has
been investigated by Schmidtke et al. (1973). As a result two modes have
been introduced for the measurement of the photon fluxes within the spec-
tral region of interest.

4.1. Continuous Mode (I)
If the spin axis of the satellite is pointed at the center of the solar disc

within a cone of 1.5° half angle of opening 492 steps are scanned at 2 Hz.
After each complete scan the stepper motor repositions the collimators
within 18 sec. I
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A typical spectrum in this measuring mode as obtained during AEROS
mission is shown in Fig. 3. It has not been corrected, yet. A computer
program is being prepared for elimination of the influence of the spin and
the mispointing of the satellite.

4.2. Discontinuous Mode (II)
For solar mispointing exceeding 1.5° the sampling frequency is 4 Hz

during 2 sec of optimum measuring conditions every 6 sec spin period
(Schmidtke et 41., 1973). Data will be stored temporarily in order to feed
them to the telemetry in the same sequence as in mode I. Then the colli-
mators stay in fixed positions during 4 sec. No counts will be recorded
during this period.

4.3. Calibration Mode (III)
a) In the shadow phase of the orbit one spectral scan in mode I meas-

ures background radiation (including cosmic and hydrogen-Lyman—alpha
background and possibly airglow emission e. g. from auroral events).

b) For calibration purposes the multiplier photocathodes are exposed
to a nickel 63 radioactive beta source and the count rates recorded at the
10 levels of the preamplifier-sensitivity during 6 sec each. A typical curve
is shown in Fig. 4.

c) Another scan provides data due to cosmic background and airglow
emissions at a later time.

4.4. Absorption Mode (IV)
The collimators will be set at step number 210, at which position the

helium emissions at 58.4 nm and 30.4 nm are measured during 246 sec.
Operation in mode IV will start automatically if the EUV spectrometer is
turned on at sunrise conditions, which is the usual measuring program.

4.5. Absorption Mode by Telecommand (V)
At special occasions (e. g. at low perigees in the sun phase or for optimal

conditions for absorption analysis at satellite sunset) the mode IV can be
selected by telecommand. It will then continue until the end of the meas-
uring orbit.

Meanwhile many density profiles of atomic oxygen have been derived
from these measurements (Schmidtke et 41., 1974).

5. Calibration

The complicated calibration procedures and results will be presented in
detail elsewhere.
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To perform the calibration DE the EUV spectrometer with an acCuraC}*
as required for the integrated data evaluation different methods have been
applied. The measurement DE thc calibration parameters includes the spatial
non-uniformities DE the grating and DE the photocathode DE the multiplier,
as a function of wavelength, angle DE the incident radiation, and time. To
determine the efficiency DE the instrument a combination DE results DE the
following measurements is being applied.

5.1. Preflight calibration with radiation emitted by the electron syn—
chrotron at the Physikalisches Institut der Universität in Bonn, with varia-
tion DE the angles DE incidence and the synchrotron energies between 0.75
and 1.5 GeV. Polarization effects are measured, too.

Measurement DE line emissions as generated in gaseous discharges ap-
plying Geiger counter techniques, tungsten photodiodes, and a NBS
calibrated detector.

5.2. In-flight calibration in mode IIIb measures the degradation DE the
multipliers. Longtime multiplier efficiency tests in the laboratory are con
ducted to answer the question whether the response to the nickel 63 radio—
active source is representative for the response to helium 30.4 nm radia-
tion and the 0.2 nm emission from iron 55.

5.3. As the variation DE a number DE solar emission lines has been found
to be relatively small, these lines will be used for cross—checks.

5.4. The overlapping range from 57 nm to 32 nm DE channels 1 and 2
also allows cross—checks.

5.5. Cross calibration with other instrumentation flown in the Apollo
Telescope Mount or in the AE—C, AE—D series (Hinteregger ez‘ 122., 1973;
Heath and Osantowski, 1973), is intended.
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Abrtraet. The planar Retarding Potential Analyzer is integrated in the AEROS-
B payload to provide electron- and ion temperatures, electron and ion densities
of the predominant ion constituents and photoelectron fluxes up to 30 eV. The
experiment has two sensor heads. They are mounted on a spinning sunpointed
satellite at the shadowed part of the spacecraft. Both sensors measure electrons
and ions alternatively. The selection of the sensor of optimal angle of attack is
controlled by the spacecraft. The spatial resolution for densities is about 50 km, for
the other parameters about 150 km. The estimated accuracy of the derived plasma
parameters is j: 10%. The high sensitivity and dynamic range of the experiment
allow measurements of temperatures and densities in the entire altitude range of the
satellite. Sensor and electronics are described and some data of the AEROS-A
version of the experiment are given as examples.

Key words: Retarding Potential Analyzer — AEROS.

Introduction

The purpose of the planar Retarding Potential Analyzer (RPA) on board
of the satellite AEROS-B is to determine the energy distribution of the
thermal and suprathermal electrons (and consequently the electron tempera-
ture), the ion temperature, the total ion density contributed by the pre-
dominant ion species, the ion drift velocity and the vehicle potential of
the satellite. The RPA will provide a very significant portion of the total
data from the AEROS—B project.

Principle of Measurement

The above mentioned parameters are derived by the measurement of
the plasma current intercepted by the sensor and depending on the applied grid
voltages. The electrons or ions respectively have to overcome the potential
of a retarding grid. Only these particles whose energy is greater than the
applied retarding potential can pass this grid and reach the collector where
they are measured. By changing the retarding voltage the energy distri-
bution of the plasma constituents can be determined. To separate electrons
from ions the collector is biased in such a way that it attracts particles of
one sort and repells the other. An additional screen grid suppresses escape of



|00598||

586 K. Spenner and A. Dumbs

secondary electrons from the collector and shields the capacitive coupling
between the retarding grid and the collector.

Experimental Comtmz'rzt:
The spacecraft is of cylindrical shape and is spinstabilized with a

spinrate of 10 r.p.m. The spinaxis is along the cylindrical axis and main-
tained in a sunward pointing direction. This concept is required by the
EUV spectrometer.

The planar sensor of the RPA is sensitive to the angle of attack of the
particles to be measured. Therefore the mounting position of the sensor
on the spacecraft, which is moving through the ionosphere with varying
angle of attack, is of great importance.

To achieve a good measuring position the RPA is constructed with two
identical sensor units along the same meridian of the spinning spacecraft.
One sensor is positioned such that the normal to the entrance aperture
makes an angle of 92° with the spin axis while the other makes an angle
of 135° (Fig. 1). This placement of the sensors precludes direct sunlight
from entering either detector, thereby avoiding the effects of photoemission
in the sensor.

The angle that the velocity vector makes with the normal to the entrance
aperture of the sensor unit, the angle of attack, depends upon both the
position of the spacecraft in its orbit and the position of the sensor with
respect to the azimuthal angle of the spin. During each spin cycle the angle
of attack sweeps through its minimum value for a given sensor for the
particular location of the spacecraft in its orbit. At certain positions of the
orbit one sensor is more favorably oriented with respect to the velocity
vector than the other and consequently the better positioned sensor is
active, the other is in standby position. In this way the minimum angle of
attack is always less than 45° in the southern hemisphere and 32° in the
northern hemisphere for a given sunsynchroneous 3.00/15.00 hour orbit.

In the spinphase controlled program of the satellite the experiment is
triggered by the spacecraft so that the sensor is only measuring during
the time of best ram position in each spin cycle; every 6 seconds a new
measurement can be achieved. In the special program of the satellite
measurements are continuously made during 21/2 spincycles to analyze
interesting effects related with the angle of attack or the position to the
magnetic field.

Tbe Instrument

The RPA consists of the main electronic box providing the different
sensor voltages, the program and control circuits, and of the sensor in-
cluding the electrometer and the two sensor heads. Each head is constructed
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with a planar entrance grid which covers the entire aperture (Fig. 2).
Behind the entrance grid a double retarding grid and a double screening
grid are mounted. The remaining electric field penetrating through the
holes is reduced by this arrangement of double grids to 0.4 %. This means
that the inhomogenity of the retarding potential generated by the geometry
of the grids is lower than the work function variation along the surface
of the grids. All grids are electrically insulated from each other. The grids
are electroformed, having 24 Wires per cm With a thickness of 0.001 cm.
The measured transparency of the total grid system is 350/0. The small
collector plate (2 cm2) which determines the limiting measuring area is
surrounded by a guard ring to avoid egde ePfects. All surfaces of the
sensor including the grids are gold-plated to reduce contact potentials
to as low a value as possible and thereby minimize the effects from spurious
electric fields (Feuerbacher and Fitton, 1972).

Modes of Operation

The RPA is designed to operate in three basic modes with the same
sensor by varying the different grid voltages. In the normal program the
system is programmed to automatically cycle through the following
three modes within 0.83 sec per mode and spin during the minimal angle
of attack: electron energy, electron temperature and ion mode. This
means that the space resolution is 144 km with exception of the plasma
density measured in each mode every 48 km.

In the electron energy mode, El, and the electron temperature mode,
E2, the screen grid and the collector are maintained at +17.8 volts and
+303 volts respectively. As a result, the thermal ions are repelled and do
not arrive at the collector. The collector is positive relative to the screen grid
so that secondary electrons produced at the surface of the collector can
not escape from the collector. In the electron energy mode the retarding
grid is stepped from 7.4 volts to ———28 volts in 80 steps thereby determing
the energy distribution of suprathermal electrons up to about 30 eV. The
entrance grid has the same voltage as the retarding grid between 7.4 and
0 V improving, as additional grid, the energy resolution for low energy
electrons; then it is set to +12 V during the rest of the scan (analyzing the
suprathermal electrons). This is necessary to exclude the ions from the
negative retarding grid, where they generate secondary electrons. The
yield of electrons depending on the changing retarding voltage is higher
at a 20 V grid than the expected suprathermal electron flux (Knudsen
and Harris, 1973). A possible distortion of thermal electrons by the relativ—
ely high entrance grid voltage can be tolerated since during this mode
the purpose is to measure electrons with an energy above 3 eV.
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A secondary aim of this mode is to find automatically the approximate
potential of the satellite relative to the ambient plasma. If the current decreasse
more than 1:36 relative to the first measured value of the scan, the corre-
sponding retarding voltage is roughly the plasma potential. A simple calcula-
tion shows that the order of magnitude 1:36 makes sure that the corre—
sponding voltage is not far away from the plasma potential taking into
account the possible ionospheric conditions and the applied grid voltage.
The exact value of 36 is caused by the electronics. The so determined voltage
is stored as a “reference voltage” for the electron temperature- and ion
mode.

It is very important to relate the retarding voltage to the plasma
potential and not to the satellite potential. In some earlier satellite missions
the charge was strongly negative and has prevented useful measure-
ments.

In the electron temperature mode the entrance grid and the double
retarding grid are connected and have the same potential during the whole
scan. These 3 grids produce a very uniform retarding field and give for the
very sensitive measurement of thermal electrons a high energy resolution.

The retarding and entrance grids are stepped from 2.1 volts to —-—2.9
volts relative to the reference voltage, compensating automatically the
spacecraft charge. The step height of the retarding voltage is variable.
As long as the current decrease is small the step height is 160 mV. If the
current has decreased to more than 1/6 of the first value of the scan the
step height is reduced to 40 mV during the following 32 steps and con-
tinues then with 160 mV.

A typical example of the characteristic current versus voltage curve
for the electron temperature mode is given in Fig. 3. In this figure the actual
data points measured by the RPA of AEROS—A are shown, where the log
of the eleCtrometer output is plotted against the retarding potential measured
from the reference level as described above. The solid curve plotted
through the data points in the steep slope portion of the curve is the least
square fit to the data points. The different parameters of the electrons,
such as temperature, density and satellite charge, are obtained by the least
square technique.

In the ion mode the entrance grid is grounded. The retarding grid is
swept from O to 13.1 V relative to the reference voltage. The step height
changes from 60 mV during the first 32 steps to 180 mV during the follow-
ing 32 steps and to 420 mV during the last 14 steps. This voltage program
gives a good current resolution including also such measurements where
the angle of attack is not near zero but within 45° degrees. The screen grid
is biased with ——28 V equal to the highest retarding voltage in the electron
energy mode. From the measured electron flux in this mode an eventually
necessary correction of the ion data by the suprathermal electron flux
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electron temperature is determined. The circle sign defines the knee point for the

calculation of the electron density

above 28 V can be made. The collector and guard ring have a voltage of
—16 V. It is positive relative to the screen grid to suppress secondary elec-
trons generated on the collector.

During one scan the azimuth of the spacecraft spins through an angle
of approximately +27“. As a consequence the measured ion current, depend—
ing strongly on the ram position, permits us to determine the angle of attack
in the azimuthal plane of the satellite. A differential measurement between
the current of sensor 1 and sensor 2 allows also the determination of the
angle of attack perpendicular to the azimuthal plane. This differential
measurement will be done during the first 4 data points of each scan.

With a curve fitting technique the different ion parameters such as
temperature, predominant constituents, density“, and drift velocity can be
derived (Knudsen, 1966). In Fig. 4 an example of a measured ion curve
is shown from AEROS—A. The triangles represent the actual data and the
curve is the optimal fit to the data.

By telecommand it is possible to set a constant retarding voltage in
each mode. This gives a further possibility to evaluate the angle of attack
resulting from the increasing and decreasing current depending on the spin
angle. In addition, the relation between the spin angle and the ion and
electron current can be directly studied to improve the data evaluation.
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Electronics

The currents are measured by a linear automatic range-changing electro—
meter from 6 . 10‘“6 amps to 4 . 10“12 amps full scale with a noise level DE
about 5 - 10“13 amps. The bit resolution on the most sensivtive range
is 3 - 10—14 amps.

An inflight calibration of the experiment is automatically switched
on every orbit. The electrometer is checked by 8 highly constant currents.
All the sensor voltages together with some housekeeping values are linked
and the essential functions DE the experiment are tested. The error limits
DE the measurements depending on the tolerances DE the electronics can be
estimated with less than 5%. The overall aceuracy for the derived plasma
parameters is expected from the experience of AEROS—A to be better
than 10% under normal conditions. The dynamic range DE the experiment
covers all possible values DE the ionosphere within the spacecraft orbit
between 200 km and 1000 km during day and night. The total weight
DE sensor and electronics is 2,5 kg. The electrical power consumption is
2.1 watts.
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The experiment RPA on board the satellite AEROS—B is principally
identical to that of AEROS—A. Some changes in the retarding voltages and
in the measuring sequence were undertaken to improve the data of AEROS-
B experiment (Dumbs ez‘ al).

Figs. 3 and 4, which show measured data from AEROS-A, illustrate
that the total experiments is working highly satisfactorily and is able to
provide data of high quality (Dumbs et 41., 1974; Spenner et a/., 1974).
Therefore it was not necessary to make essential changes of the experiment
between AEROS-A and AEROS—B, especially in view of strong limita-
tions on costs, time and technical constraints of the spacecraft.
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Abm‘act. The Impedance Probe, one of five active experiments on the satellite
AEROS-B is described briefly in theory and experimental lay out. The well
established RF method for in rim—measurement of electron densities by means of
determining the self impedance of a cylindrical sensor is used. The phase shift
between the signal of the RF generator and the signal coupled to the plasma con-
densor is taken as criterion for selecting discrete frequencies to be telemetered.

Key words: Electron Density ——— RF Impedance Probe.

7. Scientific Aim

The scientific purpose of the experiment Impedance Probe (IP) in the
satellite AEROS-B is to determine the local ionospheric electron density.
In addition it is expected to provide electron or total ion density calibration
for other on board experiments.

The resolution of about 8 kilometers in measuring electron densities
together with its accuracy of better than 100/O will allow for mapping the
global structure in density as well as for observations of small scale pheno-
mena. For an integrated analysis of AEROS—B experimental results the
electron density value is a basic parameter for aeronomic studies.

2. Principle of tbe Mei/20d

The swept frequency RF impedance probe makes use of the fact that
the frequency depending impedance Z of a plasma filled condensor shows
resonances, mainly a series and a parallel one. These resonances are parti-
culary suited for plasma diagnostic purposes, especially the parallel reso-
nance, which always occurs above the series resonance. This parallel reso—
nance frequency can be transformed to the plasma frequency (formula 1),
which in turns is related in a simple way to the electron density (formula 2).
Therefore the parallel resonance frequency is determined by the instrument.

Probably caused by a mechanical malfunction in the sensorsystem the IP
experiment on AEROS-A unfortunately failed. Therefore as an illustration
in Fig. 1 curves of phase and magnitude of the plasma impedance for
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Fig. 1. Phase (thin line) and magnitude of the plasma impedance Z measured in
a plasma tank

various electron densities N are shown, which have been measured in a
plasma tank (Kist and Neske, 1973). According to the measuring principle
indicated in the picture the parallel resonance is given by a minimum and the
series resonance by a maximum as well as by zero crossings of the phase.
Below about 1 MHz the curves are modified by the influence of the tank
walls. The comparison between these density values and those taken from
simultaneous measurements of decontaminated Langmuir probes showed
an agreement within 20%.

The impedance Z consists of two components 23 and 23;, where Z5
is known and given by shunt capacitance and by shunt resistance, whilst
ZN is the plasma impedance. Applying Balmains formula (Balmain, 1969),
which describes the impedance of a cylindrical dipole in a magnetoplasma,
to the configuration of the AEROS satellite, ZN is expressed in the follow—
ing form:

HA)_-..___,__ ith 1SafCÛVKl z w OZNZ-mj

(1 +1/1+ L'A-12)? __:._ ‚- .
FA:1n——-—— l3.4+4+A2—4/1_Afl
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A=R+5 _K_° 1+ Ë ;K0=1—X;K1=1—_Â_2L T T l—Y2
2

T=Ko sin26 +K1c0320; X=f—N; Yzjiti
f2 f

R: sensor radius; L: sensor length; 5: ion sheath thickness; 0: angle
between magnetic field and sensor; Cof free space capacity between sensor
and satellite; f: measured resonance frequency; fN: plasma frequency;
fB : gyrofrequency. The values of R, L and C0 are fixed and known, whilst
the values of fB and 6 will be given by spacecrafts magnetometer and atti—
tude control.

For 6 :0 the parallel resonance frequency, meaning ZN +00, converts
to the wellknown Upper-Hybrid—Frequencyf2 =f1%; +fË.

The influence of the ion sheath around the sensor, a region of high
gradients of potential and plasma density, is included in the impedance
formula (1). The corresponding parameter is the ion sheath thickness 5.
By using a positive DC bias of the sensor with respect to the spacecraft a
small frequency shift of the parallel resonance will occur as function of the
applied voltage. Therefrom first the ion sheath capacitance around the sen—
sor and then the parameter S will be calculated. The ion sheath around the
spacecraft itself will be neglected, because in the serial connection of ion
sheath capacity around the sensor, free space capacity and ion sheath capa—
city around the spacecraft, the two former are the smaller ones and there—
fore dominant.

In order to deduce electron density Ne from the measured frequency f
the only remaining free parameter fN in formula 1 is varied such that the
relation for the real and imaginary part of Z meets the additionally given
phase condition (see sec. 3.2). From the plasma frequency thus determined
the density is calculated according to:

4 2
N6 =

7:2

80 mefâr (2)

we: electron mass; e: electron charge; 803 free space dielectric constant.
The electron densities which have to be expected along the AEROS

orbit can be covered by choosing a measuring frequency range for the
impedance probe limited by 0.64 and 10.24 MHz.

3. Tbe Instrument

The experiment consists of two main parts, the plasma condensor and
the electronic device. The location and the configuration of the experiment
Impedance Probe in the satellite is shown in (see footnote page 596).
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3.1. Plasma Condensor

The plasma condensor is realized by the satellite surface as the one and
by a cylindrical sensor as the other electrodel. The wrapped sensor is mount—
ed within the adapter section of the spacecraft and will be deployed by a
self deploying mechanism in orbit, forming a cylinder of 1.8 m length
and 2.4 cm diameter. The sensor axis is oriented along the spin axis of the
satellite. The sensor material consists of gold plated copper berylium and
cobalt alloy filaments, which are woven to a mesh structure of about 76%
transparency. The transparent mesh sensor of the above dimensions re~
presents a mechanically feasible compromise between the demand for a
small sensor surface on the one hand and a large free space capacity with
electric field lines covering a large measuring volume on the other hand.

A resonant circuit housed in the deployment mechanism and connected
to the enrolled sensor allows for simulation of the plasma condensor
during test phase. A microswitch provides information about the beginn—
ing of the sensor deployment in orbit.

At the base of the sensor a guardring, fed with a RF-signal derived
from the RF-signal actually applied at the sensor, is to exclude the inhomo-
geneous plasma distribution from the measuring volume, by preventing
the electric field lines between sensor and spacecraft to pass through this
region.

3.2. Electronic Device

The electronic device has to measure the highest frequency for different
sensor biasing conditions in the adapted range from 0.64 to 10.24 MHz, at
which the ratio of imaginary to real part of the plasma impedance has a
given value (see below).

Fig. 2 shows the principle of the impedance measurement: A RF-signal
produced by the generator part splits into measuring and reference path.
The measuring path signal is fed through a coupling resistor Re to the
plasma condensor. The impedance of the plasma condensor causes a phase
shift of the measuring signal with respect to the reference path signal, which
is analyzed by a phase detector.

The electronic system is shown in the more detailed blockdiagram of
Fig. 3. The wide measuring frequency band is produced in the generator
part by mixing technique. The phase difference of the swept frequency
bands of the measuring and the reference path is detected by means of a
fast phase detector. A frequency counter as well as the sensor potential

1 See Fig. 1 of the paper by K. Spenner and A. Dumbs: The Retarding Po-
tential Analyzer on AEROS-B. ]. Geophys. 40, 585—592, 1974.
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measurement are activated by a control unit in a sequence which is schema-
tically shown for one impedance probe scan in Fig. 4: The positive slope
of the frame pulse resets and starts the experiment. A search programm
drives the frequency from about 12 MHZ through the measuring range
down to about 0.1 MHZ. If a certain phase value is found in this range.
the sweep is stopped and the frequency actually applied to the plasma con—
densot is counted and stored for telemetry readout. After frequencyr
counting the DC potential of the sensor is measured. Within the remaining
time interval] of the scan the sensor potential control (SPC) may he switch“
ed on or ohr according to signals correlated to the measuring time of the
experiments Mass—Spectrometer and Retarding Potential Analyzer. The
negative slope of the frame pulse triggers the readout of the stored fre-
quency value by telemetry thus accomplishing the one second scan.

During the 6 seconds scan shown in Fig. 5 four phase levels, namelyr
Q5 :00, -—22.5Ü, —45° and —-— 67.5Ü are consecutively given as “search”

and “stop sweeping” condition. The case 525 =0 denotes the proper res-
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onance frequency (and its variations caused by change of the DC sensor
potential), but in all other cases, too, the measured frequency together
with the actual phase condition provide sufficient input for determining the
electron density. For proper sequence identification at ground the £5 =
— 22.5û state condition of the experiment is accompanied by a zero volt
signal applied to the SP channel during “SPC off”.

Depending on the measured resonance frequency i. e. the actual electron
density a certain electron current (see Table 1) is drawn from the plasma
by means of the SPC thus leading to a DC bias of the sensor. The current
register loading occurs always at the end of the scan (Fig. 4) and the value
of the DC sensor potential is measured at parallel resonance frequency in
the following scan. The currents have been selected such that on the one
hand the sensor potential approaches plasma potential within a few hundred
millivolts and that on the orher hand the satellite potential is not changed
more than 10% with respect to its equilibrium value. A small effective
sensor surface (transparent mesh) is to meet both requirements.

4. Interface Parameters

The electronic box is of cylindrical shape with 94.5 mm height and 200
mm diameter. Its weight is 2.4 kg. The deployment mechanism with the
wrapped sensor has an overall size of 115 X 75 >< 120 mm. Its weight is
300 g. The experiment power at 28 V is 2.6 W in operating mode.

Two telemetry channels with 9 and 7 bits/s provide the resonance fre-
quency and the sensor potential measurements. Three housekeeping chan—
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Table 1. Selected frequency range
versus sensor DC-current

Frequency Current/uA
range/MHz

< 1.91 10
1.92 —— 2.55 40
2.56 ——— 3.82 110
3.84 — 5.10 210

> 5.12 350

nels inform about power converter voltages, temperature and status of the
in-flight—test equipment.

5. Calibration

Calibration of the IP experiment comprises capacity measurements and
inflight test of phase levels.

For the conversion of the measured resonance frequency into plasma
frequency the values of the free space capacity C0 and the shunt capacity
C1, must be known. The free space capacity is defined as the capacity be-
tween sensor and satellite which will be filled by the ionospheric plasma,
whereas the shunt capacity consists in that part of the capacity between
sensor and satellite which will not be influenced by the plasma.

The measurements have been performed using a satellite model having
flight configuration. To avoid disturbing influences from walls or ground,
the satellite has been lifted by means of a crane to a height of about 15 meters.

The automatic inflight test equipment consists in a passive network
with defined resonant frequency, to which the RF signal is switched over
from the sensor every 12 minutes. In this way the function of the whole
electronic is controlled, especially any long time change of phase levels
can be detected. The identification of the inflight test mode is given by a
triple zero output of the SP channel.

6. Data Interpretation

The measured data from the experiment are given by the combination
of frequencies, phase levels and sensor potentials presented in Table 2.
The switching to different combinations works automatically in the satel-
lite’s normal program. It is interrupted every 12 min by the testmode
which in turn covers a time period of 6 seconds.

In addition to the usual data from the spacecraft the magnetic field
magnitude and the angle between magnetic field and sensor axis are re-
quired.



|00612||

600 E. Neske and R. Kist

Table 2. Relations between the measured
data

Frequency Phase Sensor
level potential

f1 MHz 0° U (10 uA) V
f2 O U (f1)
f3 O 0
f4 — 22.5 0
f5 —— 45 O
f6 —— 67.5 O

Starting With this set of data the impedance Z which consists of ZN = ZN
(f, fN, fB, 0, Cs) combined with the shunt impedance and a loss term is
calculated in such a way, that the relation (3) is fullfilled:

= arc tan
F BC with Z = E + iF (3)

ERG + E2 + F2

This iterative process will provide in a first order approximation the
plasma frequency and the damping resistance, taking various combinations
of measured frequencies and phase levels.

The accuracy in electron density achieved by this method is expected
to be better than 10%.
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Abrtmct. A description is given of the mass-spectrometer experiment on both

AEROS satellites. The basic design characteristics and the operational capabilities
of the instrumentation are explained, as well as the laboratory calibration pro-
cedure. A few design modifications were applied to the AEROS-B version which
are expected to improve the performance.

Key words: Mass-Spectrometer — Neutral Atmosphere Composition — Ion
Composition — Neutral Atmosphere Densities -— Quadrupole Analyzer — Semi-
open Ion Source.

Introduction

The AEROS mass-spectrometer measures the density of neutral gas
constituents and the ion composition which both are important para-
meters for the mission of this aeronomy satellite. The approach to combine
neutral and ion measurements in one mass—spectrometer has been made
previously on rockets (Arnold et al., 1969; Balsinger et al.‚ 1971) and on a
satellite (Philbrick et al., 1972). Such a combined experiment implies the
use of an open-source geometry.

The strong and weak points of open-source and closed-source geo-
metries for neutral gas measurements have been discussed extensively in
the literature. Briefly a closed source allows for a straightforward conver-
sion of measured source number densities into ambient densities for non-
reactive constituents, whereas reactive species like atomic oxygen are lost
or transformed into other species due to the large number of wall collisions
inside the source. An open source minimizes the number of wall collisions.
Thus, in principle, the open source seems to be a better geometry for a
determination of reactive species. However, in practice it was found that
even in the open source 0 atoms recombine to a large extent to 02. This
comes from the fact that at satellite velocities only a few percent of the
total particle number density in the ion source is contributed by ambient
particles that have not experienced a wall collision in the source.
Therefore, other types of ion sources have been proposed and successfully
used in recent years. Philbrick et al. (1973) proposed and flew on a satellite
a velocity mass spectrometer which combined a fly-through ion source
and a retarding potential principle thus discriminating between ambient
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particles without and with wall collisions. The same principle was applied
by the Minnesota group (Nier, 1974, private communication) for their
mass spectrometer on the AE—C satellite. The method of helium cooled
ion sources which has been successfully applied on sounding rockets
(Offermann and Trinks, 1971; Oflermann and Grossmann, 1973) is at
present not feasible on a satellite.

Neutral gas spectrometers on satellites (OGO 6, ESRO 4) have taken
advantage of the recombination of O into O2 in closed sources by determin-
ing the atmospheric 0 concentration from the measured O2 signal at
altitudes Where O is much more abundant than O2 (Taeusch et 4]., 1971).
The NATE experiment on AEROS also employs a closed source and, there-
fore, provides a good means for a direct intercomparison with the AEROS
open source mass spectrometer results.

The relation between source number densities and atmospheric densities
is more difficult to assess for an open source than for a closed source, be-
cause of possible incomplete thermal accomodation, partial losses of
reactive species, and other complications in the kinetic theory prediction
of the interaction with the neutral atmosphere at satellite velocities. How-
ever, Hedin et al. (1964), which flew open and closed source instruments
simultaneously on a rocket, demonstrated that in rocket applications both
source geometries give consistent densities, a result that was confirmed in
later flights (Hedin and Nier, 1966; Kasprzak et al., 1968; Krankowsky
et al, 1968; Hickmann and Nier, 1972).

The AEROS experiment determines absolute neutral number densities
based on laboratory neutral gas calibration (described in detail in the
chapter “calibration”) and an appropriate source model that relates source
number densities to atmospheric densities. Account must be made for partial
losses of atomic oxygen in the source. In order to convert the measured ion
currents into ambient ion number densities the mass dependant trans-
mission of the ion source must be known as well as its dependence on the
angle of attack. Flight data are used to determine the transmission function
by comparing for different angles of attack and different constituents the
measured signal strength to the total ion concentration measured by the
other plasma experiments on AEROS (RPA and IP).

Instrument Deng”

The instrumentation on board the AEROS-B spacecraft is only slightly
modified with respect to the version that flew on AEROS-A; all essential
changes are mentioned in the following description.

The instrument is a quadrupole mass-spectrometer. Its major parts,
shown in detail in Fig. 1, are the ion source, the quadrupole analyzer,
and the ion detection system.
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The ion source is made of stainless steel. In the neutral mode gas particles
are ionized by a 75 volt electron beam emitted from either one of two
0.076 mm diameter tungsten~rhenium filaments. The electron beam current
entering the ionization box is stabilized to a value of 100 tramp. Ions
produced within the ionization box are accelerated into the quadrupole
analyzer by an extraction grid and a repeller grid. The positive source
potential avoids interference with ambient ions. In the ion mode source
potentials are changed to sample atmospheric ions. The electron beam is
prevented from entering the ionization box as all source potentials are
negative with respect to the filament potential.

In contrast to the cylindrically shaped ionization box of the AEROS-B
source (Fig. 'l) the AEROS-A version employed a hemisphericall}r shaped
ionization box. In the source design care was taken to thermally insulate
the heated filament from the ionization box in order to minimize out-
gassing. Therefore the monitored temperature of the ionization box never
exceeds 30 to 35 DC. To avoid disturbances of the plasma experiments
the ion source is covered by a hemispherical shielding grid at spacecraft
potential. The shielding grid and the planar high transparency repeller
grid covering the ionization box which have a total transmission of about
62 % tend to make the ion source perform more like a closed source for
neutral gases. This effect is taken into account in the source model.

Within the quadrupole analyzer (length 160 mm, rod radius 9 mm) a
filtering of the ions according to their m/e ratio takes place in superimposed
electric ac (2 MHz) and dc fields. Individual mass peaks within the mass
range 1 to 44 amu are selected by“ stepping the amplitude of the ac and dc
rod voltages.
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The ion current leaving the analyzer is deflected by an electrode onto
the first dynode of a 16-stage copper-beryllium electron multiplier dis-
placed with respect to the analyzer axis. In the AEROS-A version the
multiplier was mounted in the quadrupole axis, but for AEROS-B the mod—
ification was introduced to decrease the noise at high ambient pressures.

The electron multiplier output current is recorded by a logarithmic
electrometer with a range from 5><1O—12 amp to 5 ><10-6 amp. About
50 percent of the ion beam to the multiplier is intercepted by an ion collector
grid and recorded by a linear electrometer. The full-range sensitivity of the
electrometer changes periodically from 10‘10 amp to 10—11 amp. Only
the peak current of a mass is sampled by the linear electrometer. A multi-
plexer combines the logarithmic and linear electrometer readings into one
data channel. In-flight calibration of both electrometers is performed once
per orbit by feeding currents of 10—6 and 10-8 amp into the logarithmic
electrometer and a current of 10-11 amp into the linear electrometer. The
main purpose for introducing the linear electrometer is to monitor and
correct for possible multiplier gain changes.

The basic sensitivity of the instrument (at the lowest multiplier voltage)
is 0.23 amp/torr for N 2 not taking into account the ram pressure increase.
In the ion mode for small angles of attack the sensitivity is 10—18 amp/
ions m—3. By telecommand the multiplier voltage can be selected out of
four different levels which provide factors of about 3.8 increase in sensitivity
for each step. The maximum signals that can be expected from either ion
or neutral measurements at perigee altitudes are of comparable strength.
The increase in sensitivity provided by the four high voltage steps is intend-
ed for compensation of multiplier gain losses and adjustments of the sensi-
tivity at higher altitudes.

The spectrometer is sealed off by a miniature valve after a last baking
at approximately 250 °C and a final calibration and is kept under high
vacuum until a week after launch to allow for sufficient spacecraft out—
gassing. On ground vacuum is maintained by a small titanium sublimation
pump and monitored by an ion gauge. The pressure never exceeded
5 ><10"7 torr for the AEROS-B instrument. Most of the residual gas
consisted of Ar and He. Once in orbit the spectrometer is exposed to the
atmosphere by action of explosive squibs initiated by telecommand break—
ing a ceramic ring in a titanium cap covering the ion source.

The functional diagram of the spectrometer is shown in Fig. 2. The total
mass of the instrument is 7 kg and the maximum operational power 8.6 W.

Data Organization ana7 Mode: of Operation

A mass-spectrometer moving at satellite velocity is sensitive to the
angle of attack at which it is viewing the flow of particles to be measured.
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Fig. 3. A neutral gas mass spectrum recorded on AEROS—B, at an altitude of
240 km. Note that every ninth sample represents the peak of the linear electro-

meter reading during the scan over the preceding mass, in an inverted scale

Thus, the orientation of the spinning spacecraft in its orbit plane puts
some basic constraints on the data concept of the experiment as well as of
the whole spacecraft.

The spin axis is pointing to the sun which is always approx. 45 degrees
off the orbit plane, and the mass-spectrometer is aligned perpendicular
to the spin axis. \X'Tith this configuration the flight aspect angle, and con-
sequently the signal measured, is modulated by the spin with a period
of 6 seconds, the minimum angles of attack during a spin revolution
ranging from zero degrees at low latitudes to about 45 degrees near the
poles.

The AEROS telemetry system can synchronize the data flow with the
spin phase and trigger the mass—spectrometer when it is oriented closest
to its ram position. Within a time interval of 610 msec which is short as
compared to the spin period and during which no significant variation in
the flight aspect occurs, the mass—spectrometer analyzer is sweeping over
the mass range.

Such a mass sweep is illustrated in more detail in Fig. 3. Altogether 13
different masses are measured, by scanning each peak in 8 equidistant steps
covering an interval of 1 amu centered at the peak. The 8 data points are
read out from the logarithmic amplifier that follows the electron multiplier,
and the intensity of the mass peaks will be determined from the maximum



|00619||

The AEROS Neutral and Ion Mass-Spectrometer 607

of a curve fitted through these points. Every ninth telemetry word in the
main data channel is the output of the linear electrometer and represents
the peak current measured when that mass was scanned.

Mass spectra of ions and of neutral gas have the same format. In the
standard mode they are alternating every spin revolution, the repetition
period for any species being 12 seconds corresponding to a resolution in
space of approximately 95 km. For specific investigations requiring higher
resolution the density of data points can be doubled by continuous and
exclusive measurement of either ions or neutrals. Because of shortage of
independent telecommands these program modes are coupled to the fila-
ment selection as indicated in Table 1.

The 13 different mass numbers cover all major and measurable minor
constituents of the neutral thermosphere (helium, nitrogen, oxygen, and
argon) and of the F—region ionosphere (H+, He+, O++, N+, 0+, N0+, 0;).
Some of the masses measured do not correspond to ambient species but
serve to monitor contamination and background gases and ions, or allow
to discriminate between atomic and molecular particles (e. g. in the case of
oxygen).

The instrument version flown on the AEROS-A satellite obtained one
full mass range sweep only within two separate scans at subsequent spins,
thus providing only half the resolution in space. The tuning stability of the
mass analyzer, however, proved to be sufficient for scanning single mass
peaks rather than mass number intervals and, therefore, the mass sequence
was rearranged to provide better resolution on AEROS-B.

Two telemetry programs are available on the spacecraft which yield
different types of measurements:

The spinphase controlled telemetry provides one mass range sweep at every
spin revolution, triggered symmetric to the phase of minimum flight aspect.
This is intended to be the prime mode, since it gives the highest return of
scientific information at the given bitrate combining high spatial resolution
with quasi-simultaneity of the measurement of all inherent parameters in-
cluding those from the other AEROS experiments.

The clock control/ed telemetry provides consecutive mass range sweeps
over one complete spin revolution, but only at every 13th spin. The basic
purpose of this mode is diagnostic; it will occasionally be used to investigate
contamination and ion-source background at varying angles of attack, to
determine the dependence on the angle of attack of the instrument’s sensi-
tivity, and to possibly detect fast ions. Since this telemetry mode is inde-
pendent from the ion-sensor it may also serve as a backup in the event the
spinphase control fails. The resolution in space that can be obtained, how-
ever, is relatively poor.

On AEROS-A an anomaly in the spinphase control did not allow to use
the normal telemetry format routinely, and nearly all the measurements
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Fig. 4. Example of neutral densities measured on AEROS-A in the spinphase
controlled mode. The N2 density is obtained from mass 28. The O density is
derived from mass 32 assuming complete recombination of atomic oxygen in the
ion source; a 10 to 20 percent correction has to be added to account for atomic
oxygen not recombined. At altitudes above 400 km the nitrogen data shown
reflect the instrumental background whereas the oxygen data are affected by

desorption from the walls

were obtained in the backup mode with the low resolution. An example of
a measurement in the normal mode of operation, i. e. spinphase controlled,
is shown in Fig. 4.

Cefibrdties

Laboratory neutral. gas calibration of the spectrometer is done for h};—
drogen, helium, neon, nitrogen, molecular oxygen, argon and carbon diox—
ide. A gas flow method (cf. e. g. Schneppe, 1969) is employed using a helium
cryopump system. It consists of three parts: the pumping chamber contain—
ing the cryopump which is separated from the calibration chamber by an
orifice with a conductance of 50.0 liter se(:'1 for N2 and the gas inlet system
from which gases are introduced into the calibration chamber through
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calibrated porous leaks. In addition, the system contains noble gas ion
getter pumps for maintaining the vacuum during standby periods. The pres-
sure is measured inside the calibration chamber by ion gauges and inside the
gas inlet system by Baratron capacitance manometers.

Calibration within the pressure range of 5 >< 10-5 to 10"9 torr is achieved
in two ways. In one method the pressure range is covered by setting the
pressure in the calibration chamber at constant values. In the second method
an initial pressure of 5 X 10-5 torr is established inside the calibration
chamber by filling a volume in the inlet system to an appropriate pressure,
and allowing the gas to leak at a constant rate into the calibration chamber.
The pressure decays to the background level within about 25 minutes. In
both methods spectra are continuously recorded on magnetic tape along
with the experiment housekeeping data and calibration system pressure
readings. A small computer is used during calibration for limited real time
data analysis. The advantage of the calibration system is that based on the
Baratron pressure readings and on the accurately calibrated orifice and
porous leak conductances well known pressures inside the calibration
chamber are established without a need to depend on ion gauge readings.
Due to the use of a cryopump behind the 50.0 liter seC‘1 orifice gas back-
streaming is negligible. This is even true for He for pressures up to 10‘7
torr if care is taken that the pumping surfaces of the cryopump are clean
and without gas load. The accuracy of the calibration of the instrument’s
sensitivity is estimated to be better than 100/0.

The instrument is calibrated twice. The first calibration is done with the
ion source facing into the calibration chamber and, after mounting the
ejectable cap over the source, the second calibration through the miniature
valve takes place.
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Abrtmot. The AEROS Neutral Atmosphere Temperature Experiment (NATE)
is designed to measure the kinetic temperature of molecular nitrogen (N2) in the
thermosphere. A quadrupole mass spectrometer tuned to N2 measures the N2
density variation in a small spherical antechamber having a knife—edged orifice
which is exposed to the atmosphere at the outer surface of the spacecraft. The
changing density of N2 due to the spinning motion of the spacecraft permits
determination of the velocity distribution of the N2 from which the temperature
is calculated. An alternate mode of operation of the instrument allows measure-
ment of the other gases in the atmosphere as well as N2 permitting determination
of the neutral particle composition of the atmosphere.

Key wordy: Neutral Atmosphere Temperature — Kinetic Temperature —
Molecular Nitrogen Density —— Velocity Distribution Analyzer —— Thermosphere
Composition — Neutral Gas Mass—spectrometer.

Introduction

The objective of the Neutral Atmosphere Temperature Experiment
(NATE) on the AEROS satellite is to provide in ritn measurements of (a)
the kinetic temperature of molecular nitrogen in the thermosphere, (b)
the molecular-nitrogen density, and (c) the total neutral gas density, to
aid in the study of aeronomy. The basis of the experimental approach
to temperature determination is measurement of the velocity distribution
of the atmospheric molecular nitrogen molecules, which can be interpreted
as the kinetic temperature.

A quadrupole mass spectrometer is used to select molecular nitrogen
for the temperature measurement. Periodically it is configured to measure
the concentrations of the other atmospheric gases which permits a deter-
mination of the total density.

Principle and Application of tbe Mot/30d
The number density of a gas of mass m within a moving enclosure

(antechamber) that is open to the atmosphere through a knife-edged
orifice with an area small compared to the antechamber surface area can
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be expressed by the following Eq. (Tsien, 1946; Schultz, Spencer, and
Reifman, 1948; Spencer, Boggess, LaGow, and Horowitz, 1959; Spencer,
Brace, Carignan, Taeusch, and Niemann, 1965; Spencer, Niemann, and
Carignan, 1973):

Ni = Na (Ta/Ti)1/2f(scos oc) (1)

where
Ni = instantaneous density of the gas in the antechamber;
Na = ambient density of the gas;
Ta = ambient temperature of the gas;
T,- = temperature of the gas in the antechamber;
s = V/ VW:ratio of antechamber velocity to most probable

thermal velocity of the ambient gas particles;
V = speed of the antechamber with respect to the gas;
VW = most probable thermal velocity of the ambient gas particles;
oc = angle between the normal to the orifice plane and the satellite

velocity vector;
2', a = subscripts for internal and ambient, respectively;
f(scos oc) = exp (—— :2 cos2 oc) +I/7—z scosoc (1 +erf (scos 05)).

The equation can be solved for the difference between Ni max (mini-
mum angle of attack) and Ni min (maximum angle of attack) to yield

Na == Ni (NZ-(max) —— Ni(min)) / 2 V5; si cos oc mm (2)

thus eliminating the unknown Ta, and providing Na the ambient density.
In this equation,

x, = I//(2/e.T,;/7zz)1/2 (3)

In the general case, these expressions can be used as follows. Consider
the antechamber to be located at the equator of a spinning spacecraft, with
the orifice plane normal to a radius and facing outward. The internal gas
density (in this case mass 28, (N2)) that is observed is illustrated in Fig. 1,
which is taken from San Marco 3 Omegatron data. As the component of
satellite velocity that is normal to the orifice plane approaches and passes
through zero (oc=90°), the value of the function Ni becomes more de-
pendent on the ambient temperature. In Fig. 1 this is the region where the
curve approaches the horizontal. The density variation occurring in the
antechamber in this region is reflected in the variable f(s cos oc) shown in
Fig. 2 where scosoc approaches zero and becomes negative. Since Ti
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Fig. 2. Illustration of the functional relationship f (.rcos 0c):exp (:2 00520:) +-
VSE reos a: (1 + erf (.rcos oc))
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Fig. 3. Internal N2 density variation for the AEROS satellite. Two cases are shown
—— one corresponding to the equator crossing when the angle of attack is mini—
mum, and the other to the maximum latitude crossing when the angle of attack

is maximum

(equivalent to antechamber temperature), V, and cosat are measured and
thus considered known, and N“ can be computed from Eq. (2), the tem—
perature Ta can be calculated.

AEROS Data Analysis

The representative antechamber density (Ni) variation as a function
of spin position is shown in Fig. 3 for the two extreme cases for AEROS;
when the satellite is crossing the equator and when it is passing through
the maximum latitude position. The different maxima result from the chang-
ing angle between the spin axis and the satellite velocity vector (also shown
in Fig. 3) a consequence of the solar pointing orientation of the satellite
spin axis. The maximum values occur when the orifice plane normal is
closest to the direction of motion of the satellite (between 0° and 45°)
and the 180° point when furthest.

The shape of the curves of Fig. 3 in the 90° region are significantly
temperature dependent from about 84° to about 105°, the angle where the
signal~to—noise ratio becomes unacceptably low. Although an analysis can
he carried out by fitting a curve to the data in the 90° region and computing
unique values of density and .rensac to determine the temperature, the tem-
perature is more easily and precisely determined using a different approach.
\With reference to Fig. 4, the 1500° and 750° curves represents N}; for the
two representative temperatures in the region near 90° where the temper-
ature information exists. The 0° curve represents JV; for a fictitious case
where I]; = 0. The temperature Ta is proportional to the area between the
0° curve and an actual curve. The 90° point, whose location must be estab~
lished quite accurately to identify the correct 0° curve, is determined by
applying the criterion that the areas to the left and right of a vertical drawn
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Fig. 4. Illustration of the internal N2 density variation in the 90° region for two
typical cases, and a zero temperature case pertaining to temperature calculation.
The area between any actual and the zero temperature curve is proportional to the

temperature

through the 90° point are equal. Having done this, the area between the
0° and the actual curve is determined, and the temperature calculated from
the area and the maximum value of the internal density, with knowledge
of the angle of attack and spacecraft velocity.

[mire/wart! Description:

A quadrupole mass spectrometer whose ion source region is coupled
through a high conductance path to a spherical, stainless steel antechamher
is employed in the instrument (Fig. 5). The antechamher is 32 mm in dia—
meter and the circular knife-edged orifice is 5 mm in diameter. These
elements, comprising the sensor, are located at the satellite periphery on
the equatorial plane as discussed previously. The sensor is halted and
vacuum-sealed prior to launch, and opened to the atmosphere after the
satellite is in orbit, to insure vacuum cleanliness. Because of the high
conductance path between the antechamher and ion source, the number of
ions produced in the ion source region is proportional to the antechamher
densit}r and hence N}. The quadrupole analyzer is tuned to the particular
ion desired (molecular nitrogen in the case of temperature measurement).
Ions arriving at the first dynode of the multiplier result in pulses of electrons
at the multiplier output with a rate proportional to the gas density in the
ion source.
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Fig. 6. Simplified block diagram of AEROS NATE instrument

The electronic system includes a pulse counter, data processor, power
supplies, and logic as shown in the block diagram in Fig. 6 and in more
detail in Fig. 7. The detector amplifies the multiplier output pulses for the
data processor, which provides digital output signals in the proper format
to the telemetry system that are proportional to the instantaneous density
of neutral molecular nitrogen in the spherical antechamber. The instan—
taneous value of the density is sampled 44 times per spacecraft spin period
with increased time resolution in the 90° region, as illustrated in Fig. 8
which shows the distribution of data points nominally superimposed on a
typical curve of expected chamber density variation. The telemetry data
frame is timed by a special spacecraft sensor which detects the direction of
flow of ambient ions and causes nearly fixed phasing of the data frame and
the ion stream.
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Fig. 8. Drawing of representative internal density variation for one spin cycle
showing optimum location of data words

Instrument Performance Camidemtiam

The nominal altitude range of the experiment is determined at the upper
limit by the signal—noise ratio of the instrument system, and at the lower
limit by the maximum internal number density at which the ion source can
operate satisfactorily, or by the upper limit of detection capability. Fig. 9
shows the instrument transfer function zu. altitude at tit=0fl and a =90G
for two exospheric temperatures. The output is based on a nominal sensi—
tivity of 4 >< 1033 particles cm“3 A“1 for the quadrupole mass spectrometer
employed.

When the number of counts measured at the electron multiplier is
equal to 1.6 X103, the statistical uncertainty of the count is 2.5%. This
leads to a temperature uncertainty of 5% and a density uncertainty of
2.5% due to statistical limitations. It therefore sets upper altitude limits of
270 and 380 km for 5% temperature measurements and 360 and 600 km for
2.5% density measurements, depending on the exospheric temperature.
The only other significant error in the measurement is due to calibration
uncertainty which affects the density but not the temperature measurement.

At the lower altitudes the limit is established by the maximum count
rate of 2 8 MHZ (213 counts per 0.03 seconds). For the nominal AEROS
perigee of 235 km, the maximum output is on range for exospheric temper-
atures up to about 1000 c’K. T0 be “on range” for the reentry phase and to
provide some margin for the nominal orbit, the ion source sensitivity can
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Fig. 9. Curves illustrating anticipated N2 ion count versus altitude for representative
atmospheric temperatures

be reduced up to a factor of 10 on command. This will permit an extension
of the lower altitude limit to less than 175 km. The range of measurement
is summarized as follows:

aspheric Temperature Density
Temperature Measurement Measurement

800 ° K 175—-270 km 175-—360 km
1500 °K 175—380 km 175-600 km

There are additional factors which can allect the determination of
temperature by the technique discussed here but which for AEROS are
not believed to be significant. For example, at all altitudes for which AEROS
measurements are expected, the mean free path is sufficiently long so that
a free molecular flow assumption is quite valid. It follows that Eq. (1) can
safely be applied in this regard. Another and more demanding consideration
in the applicability of Eq. (1) is the question of gas-surface interactions in the
antechamber and ion source. It is clearly important that the gas employed
not be significantly sorbed by the walls which would inhibit free dilliusion
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Fig. 10. Example of atmospheric neutral particle composition obtained from the
AEROS 1 NATE experiment. The wave-like structure observable in the curves
at lower altitudes reflect true atmospheric variations. The scattering of data points
to be seen at the highest altitudes reflect telemetry noise and illustrate the altitude

limit of the instrument due to the noise

of the internal gas and the atmosphere. This condition is readily attained
with the non-reactive gases argon, helium and nitrogen. Nitrogen was
selected and is most useful for AEROS because of its relatively large con-
centration. Its very small surface affinity is negligible at all altitudes where
temperature measurement is possible with AEROS.

In Orbit Performance of #95 [em-amen!

The NATE instrument was flown on the first AEROS satellite and func«
tioned correctlyr from initial turn—on until reentry. Because of a difficulty
in the ion stream detection system of the spacecraft, proper synchronism
of the data frame with the spin position was not routinely achieved. As a
consequence, the high density of data points expected in the 90° region was
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Fig. 11. Exospheric temperature data inferred from N2 density obtained by the
AEROS 1 NATE instrument

not realized, and thus temperature measurement by the technique discussed
above could not be carried out. However, the instrument was operated in
an alternate mode to provide atmospheric composition throughout the
mission. Representative data obtained are shown in Fig. 10. The wave-like
structure seen in the curves results from true atmospheric variations, how-
ever, the large scatter in data points at the higher altitudes does not of
course reflect the atmosphere, but illustrates the altitude limit of the instru-
ment due to noise.

The measured density permits the determination of an inferred temper-
ature. This has been done with some of the molecular nitrogen data ob-
tained, and a typical result is shown in Fig. 11. Assuming difl'usive equi-
librium and the lower boundary temperature, each density value can be
interpreted as a temperature. The. data were selected for three times of the
year to illustrate the annual variation of exospheric temperature.
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Abstract. Atmospheric Drag Analysis (ADA) is a passive experiment in the
complement of experiments in the AEROS mission. The decay of the satellite’s
orbit is analyzed to determine the total gas density at perigee. The prime scientific
objective is the comparison of orbital drag-derived densities with in ritn measure-
ments of neutral atmospheric parameters.

Key words: Orbital Drag — Thermosphere —- Atmospheric Density —— Inter-
comparison — Measuring Technique.

1. Introduction

Comparisons of atmospheric density data derived from various techni-
ques have been relatively scarce. Orbital drag—derived densities were
compared with in Jim measurements by accelerometers and pressure gauges
on the same satellite for altitudes below 160 km and yielded very good
agreement (Carter et al, 1969; Champion et al.‚ 1970; Champion and Marcos,
1973). In the upper thermosphere where density variations reach larger
amplitudes, density data from orbital drag were compared to pressure
gauge measurements aboard satellite EXPLORER 32 by Schäfer and
Wulf—Mathies (1969). Near 275 km altitude the in :itn density data with
much higher time resolution scattered about the drag-derived densities
by some 25%. A common problem connected with retrospective compari-
sons is the random coincidence in the epochs of the different measurements.
The AEROS satellite with its complement of. neutral atmosphere experi—
ments offered one of the first opportunities to plan comparisons of the total
gas density as determined from mass-spectrometer measurements and from
orbital drag in a regime of the thermosphere which is characterized by lively
medium scale variations in gas density.

2. Orbital Drag Technique

The basic equation for orbital drag measurements is

1D = ï g spA (1)
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Fig. 1. Schematic orbit of the AEROS satellite. Angle ß between orbital velocity
vector v and the spin axis varies from 0° to 360° during one revolution

Where D is the drag force antiparallel to the velocity a relative to the
ambient gas, whose density is g, acting on a body with crossrsectional area
A and drag coefficient CD. Knowledge of the product of effective cross-
sectional area A times drag coefficient CD is crucial in deducing atmos-
pheric density 9. Along its orbit the AEROS satellite moves in a free
molecular flow regime where the drag coefficient depends on the shape
and orientation with respect to the orbital velocity vector, the angular
distribution of re-emitted molecules, the energy accommodation coefficient,
and the molecular speed ratio between free stream velocity and most
probable thermal velocity. Recently some progress has been made in one
aspect of supporting laboratory measurements, the generation of molecular
nitrogen and atomic oxygen beams at satellite orbital speed (e.g., Boring
and Humphris, 1973). As Moe (1973) has pointed out, it has so far not
been possible to reproduce in the laboratory the conditions of surface
contamination encountered by satellites. [a rite determinations of the
drag coefficients with the help of paddlewheel satellites yield values of 2.1
to 2.4 for spherical satellites at perigee heights between 190 and 300 km
for various eccentricities (Moe, 1973). It is safe to conclude that the drag
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Fig. 2. Drag coefficient based on the shank projection of the cylinder. The drag
coefficient CD along the orbit of AEROS for February 27, 1973 varies between
3.35 at -—45° cccentric anomaly E and 2.85 for E=70°. The position of the

extrema depends on the location of perigee in latitude and local solar time

coefficient in the molecular nitrogen and atomic oxygen dominated regime
of the thermosphere, i.e. near the perigee of the AEROS satellite, is
known within an error of i10%.

Based on this experimental evidence we are able to adopt Cook’s (1966)
conclusions on the variation of the accommodation coefficient for the
computation of the drag coefficient of the AEROS satellite. We can
treat the spacecraft as an effective cylinder with a diameter-to-length
ratio of 1.32 whose spin axis is directed towards the sun within 3°. As
can be secn in the schematic View of the satellite’s orbit in Fig. 1 the angle
ß between the velocity vector v and the spin axis varies from 0° to 360°
during one revolution. Thus the aerodynamic angle of attack oc=90° —-ß
changes slowly from 90° via —90° to 90° in the course of one orbit. If
the reference area A in the product CD . A is kept constant and set equal
to the shank projection of the cylinder, the drag coefficient CD is of the
order 3.1 with a significant variation of i10% along the orbit. In Fig. 2
an example of the variation of the drag coefficient within i90° eccentric
anomaly around perigee is given for February 26, 1973 when perigee
was at latitude —78°, local solar time 17h and at 239 km altitude. This
example shows that the variation of the drag coefficient which is primarily
due to the changing angle of attack has to be taken into account in the
derivation of atmospheric density from orbital drag.

In the orbital drag technique Eq. (1) cannot be used directly since
the instantaneous drag D is not monitored. Instead we analyse the loss
of orbital energy during a complete revolution which is given by the
integral over (1) along the orbit:
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A
AEz—Î <5) €091;s (2)

orbit

where A E is the loss in orbital energy during one orbit and a’: is an element
of the orbital path. Making use of the relation between anomalistic period
P and orbital energy E in a Keplerian orbit, we have

AP dP 3 Aa

â
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P dt 2 ”I,“
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en model

where m is the mass of the satellite, 9„ the atmospheric density at perigee
to be determined, a the semimajor axis, and ‚u the constant of the earth’s
gravitational field. We solve Eq. (3) for the density at perigee 9,; by using
the orbital elements and the observed rate of change of period a’P/a’z‘ and
by a numerical solution of the integral in an iterative process where the
relative variation of density along the orbit (Q/Qaz)mode1 is taken from an
appropriate atmospheric model like CIRA 1972. Details of the numerical
integration of the drag force acting on the satellite along the actual orbit
have been given by Jacchia and Slowey (1962) and Roemer (1963).

3. Analysis of Tracking Data

Interferometer observations by the NASA STADAN network known
as Minitrack observations and range and position observations by four
selected radar stations are the input for the derivation of the observed
rate of change of period. The analysis of tracking data is broken down into
several steps:

1. Observations for arcs of 2—4 days are used in a differential orbit
improvement program to compute orbital elements argument of perigee
a), right ascension of the ascending node .9, eccentricity e, inclination z'
and mean anomaly M at the center epoch.

2. Orbital elements 5(2‘), EU), 720‘), {(z‘) and 117(2‘) for a 30 to 40 day period
are expressed as functions of time using a least-squares process. No systematic
residuals are permitted for elements Ë), [—2, Ë and Ä

3. Residuals of the mean anomaly AM corresponding to the individual
observations with respect to the least—squares fit are computed in a further
differential orbit improvement process.

4. These residuals AM as a function of time are fitted by a cubic spline
(Sauer and Szabo, 1968). The second derivative of this fit yields the correc—
tion to the rate of change of period based on individual observations.

5. The second time derivative of 1170‘) corrected for the apsidal motion
by a term (1 +ez/2—l—3e4/8-d) is combined with d2(AM)/dz‘2 from step 4.
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Fig. 3. Comparison of total gas density. For days January 7 through January 9,
1973, equivalent to modified Julian Date MJD 41689 through 41691, total
gas density at perigee as derived from orbital dragr (ADA), the Heidelberg mass~
spectrometer (MS) and the Goddard mass—spectrometer (NATE) are compared.
Atmospheric densityr is plotted in a linear scale in units of 10—14 g 'cm—:‘. The

3—hourlyr Kp—index is plotted at the bottom

Division by djTJ/dr yields the observed rate of change of period 15 which
is the input of the numerical integration procedure.

On the average 10—20 independent observations of the Minitraclt net—
work and the selected RADAR stations are available per day. This allows
a maximum time resolution of 2 orbit s, i.e. the standard time interval
between measuring orbits in the AEROS program.

4. Scientific Goal:

The geophysical parameter determined by ADA is the total atmos~
pherie density at perigee. Due to the smoothing inherent in the orbital
drag technique each data point is effectively averaged over 5:20” eccentric
anomalyr around perigee. For a near—polar satellite like AEROS this
causes a smoothing in latitude of about i150. Maximum obtainable time
resolution is 2 orbits for absolute values of density, possibl}r 1 orbit during
disturbed periods for relative density variations.

Density data obtained from ADA are free from sensitivity changes
during the mission and therefore will serve as a calibration procedure for
the in Jim mass—spectrometer measurements. First results taken from
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experimenters’ data record EDR-6 for January 7 to January 9, 1973 are
compared in Fig. 3. This example shows that the unedited total gas density
data derived from the Heidelberg mass-spectrometer by summation of
partial densities are on the average some 15% lower than the drag-derived
densities and density data from the NATE experiment on the average some
10% lower. Corrections for gas-surface interaction in the Heidelberg
ion source will raise the data obtained from the Heidelberg mass-spectro-
meter. This comparison of less than 3 days of measurements serves as an
example only for the comparison and calibration program of the various
neutral atmosphere experiments aboard satellite AEROS.

The objectives of experiment ADA are:
1. determine gas density at perigee by an independent method with the

highest obtainable time resolution;
2. serve as a calibration technique for on-board mass spectrometers;
3. compare results with in .rz'tu measurements by mass-spectrometers

and EUV—absorption technique to deduce consistent density data;
4. contribute to the determination of absolute number densities of

atomic oxygen by the mass balance procedure;
5. calibrate the time resolution of the orbital drag technique during

short time scale transient atmospheric density changes by using actual
in :z'z‘u mass-spectrometer measurements as input to the numerical integra-
tion process for a comparison with the observed orbital changes.

Acknowledgmentr. We gratefully acknowledge the support by the Smithsonian
Astrophysical Observatory, Cambridge, Mass., especially Jack W. Slowey, in
obtaining the RADAR observations and in processing these and the Minitrack
observations.

This work was supported by the Bundesministerium für Forschung und
Technologie.

Reference:
Boring,J.\W., Humphris, R. R.: Drag coefficients for spheres in free molecular

flow in O at satellite velocities. NASA CR-2233, 34 pp. 1973
Carter,V.L., Ching,B.K., Elliott,D.D.: Atmospheric density above 158 kilo-

meters inferred from magnetron and drag data from the satellite OV 1—15
(1968—059A). J. Geophys. Res. 74, 5083—5091, 1969

Champion,K.S.W., Marcos,F.A., Schweinfurth,R.A.: Measurements by the
low altitude density satellite OV 1—16. In: Space Research X (T. M. Donahue
et 41., eds.) pp. 459——466. Amsterdam: North Holland Publish. Comp. 1970

Champion,K.S.W., Marcos,F.A.: Lower thermosphere density variations
determined from accelerometers on the Cannon Ball 2 satellite. In: Space
Research XIII (M. J. Rycroft and S. K. Runcorn, eds.), pp. 229—234. Berlin:
Akademie-Verlag 1973

Cook,G.E.: Drag coefficients of spherical satellites. Ann. Géophys. 22, 53—64,
1966



|00643||

Atmospheric Drag Analysis with the AEROS Satellite 631

Jacchia,L.G., Slowey,J.W.: Accurate drag determinations for eight artificial
satellites: atmospheric densities and temperatures, Smithsonian Astrophys.
Obs. Spec. Rep. No. 100, 117 pp., 1962

Moe‚K.: Density and composition of the lower thermosphere. J. Geophys. Res.
78, 1633—1644, 1973

Roemer,M.: Die Dichte der Hochatmosphare und ihre Variationen Während der
Phase abklingender Sonnenaktivität 1958—1962. Veröff. Univ. Sternwarte
Bonn Nr. 68, 146 pp., 1963

Schäfer‚D., Wulf—Mathies,C.: Atmospheric densities at a height of 275 km
derived from drag data of Explorer 32. Ann. Geophys. 25, 471—474, 1969

Prof. Dr. Max Roemer
Dr. Carsten Wulf—Mathies
Institut für Astrophysik der Universität
D-5300 Bonn-Endenich
Auf dem Hügel 71
Federal Republic of Germany



|00644||



|00645||

J. Geophys. 40, 633—637, 1974

Electromagnetic Reflections in Salt Deposits
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Abstract. The generation of short high frequency electromagnetic pulses in
the VHF-band opens up the possibility of applying electromagnetic reflection
methods in the geophysical prospecting of dry formations, with high resolution
and also over small distances. A method has been developed using a spark trans—
mitter for locating boundaries in salt deposits The transmitter, which is tech-
nically very simple in contrast to other pulse transmitters, produces short power-
ful pulses. The results to date show good quality reflections of salt clay and anhy-
drite.

Key wordy: Reflection Method (Electromagnetic) — Salt Deposits.

For a long time the boundaries of and discontinuities within salt bodies
have been primarily investigated by seismic methods. It was suggested
some time ago that high frequency electromagnetic sounding should be
applied, because different salt types and the country rock have different
electrical properties. Hence, electromagnetic reflections might be expected
at the boundaries (Fritsch, 1948; Jung, 1950).

In the meantime a bore hole logging method based on radar has been
developed in USA to determine the flanks of salt domes (Holser et 41.,
1972).

Papers have been read on the application of the electromagnetic re-
flection method in mines (Nickel ez‘ al, 1973; Unterberger 1973).

The first results are described here of a current research program which
is being carried out by the Niedersächsisches Landesamt für Bodenfor-
schung and the Bundesanstalt für Bodenforschung for the Forschungs-
gemeinschaft Seismik e.V.l. The aim of the program was to develop an
electromagnetic reflection method suitable for application in potash and
salt mines. Emphasis was placed on simplicity and exconomy in appli-
cation.

1 Whith subsidies from the Bundesminister für Wirtschaft through the
Arbeitsgemeinschaft industrieller Forschungsgemeinschaften AIF and the mem-
bers from industry of the Forschungsgemeinschaft Seismik e.V.
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The technical realization depends mainly on the choice of the frequency
range and the working system. The transmitter frequency is chosen accord-
ing to the required depth of penetration because of the dependency of the
attenuation on the frequency of electromagnetic waves in salt. It is also
determined by the wanted resolution of the discontinuities of the deposites
and, not least, by the dimensions of the antenna. In practice, the frequency
should be variable and adaptable to different purposes.

For the investigations being described here, a range of 50—100 MHz
was chosen, since for these frequencies the attenuation is tolerable (about
10—20 db/100 m, although both smaller and much greater values are quoted
in relevant literature) and the antenna lengths are only about 1 meter.

In principle, both known systems: continuous-wave radar with fre-
quency-modulation and pulse radar can be applied. The pulse radar has the
advantage of direct travel-time measurements. The difficulties of generat-
ing pulses shorter than 1 us in this frequency-range can be avoided by using
the cw-fm radar. However, it was found that this method needs much ap-
paratus and time, especially for the necessary broadband antennas. More-
over, this method produces a frequency mash, when several reflecting
layers are present. The incoherence inherent in the signal from this method
prevents analysis of the signal by simple means.

The generation of pulses by keying a vhf-transmitter, or as proposed
in some patents, by very short DC-pulses, which are forced onto the an-
tenna (monocycle radar pulses), seem to be equally cumbersome (Morey
et al., 1972).

An as equally simple as effective solution was found using a spark-
transmitter, with an antenna coupling different from that of the classical
Hertz arrangement. It generates short powerful pulses. This transmitter
is made up of a high-voltage low power DC generator and a dipole-antenna
with a variable spark gap in the middle. The antenna is connected with
the DC—generator by high resistors. The charging procedure of the
antenna which depends on the supply voltage, the resistivity and the static
antenna capacity C, is unterrupted as soon as the ignition voltage UZ of
the spark gap is reached. During sparking a high frequency oscillation is
set off, which is strongly attenuated by the spark-resistance of the electric
arc and is therefore of very short duration. This is periodically repeated.

The measured pulse time is about 0.2 us. The average pulse output can
be estimated from

2
P=‚€ CUZ

2t

where k is the efficiency of the generator resulting from the heat loss of the
spark gap. For values of ,è=0.1; C=100 pF; Uz=2 kV; z‘=0,2 us an
average output of 100 W can be found.
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Fig. 1. Schematic circuit diagram of the transmitter

With this configuration, even reflectors more than 200 m away have been
located. On the other hand, these short pulses make it also possible to locate
reflectors which are less than 20 m away.

The frequency of this apparatus is controlled by the dipole antenna
solely. By changing its length the frequency range may be shifted. It is
equally simple to suit the emitted pulse output to the required penetration
range by changing the sparkover path. The pulse sequence frequency can
be altered by changing the feeding potential in such a way that the operator
sees a standing wave on the oscilloscope.

The waves are recorded on an oscilloscope with a sufficiently high
frequency cut off. It receives the signals from a receiving antenna through
an adaptable network and if necessary a broadband amplifier. The frequency
characteristic of the receiving antenna influences the signal. A very broad-
banded antenna would be ideal. Moreover extended antennae with strong
directional characteristics are necessary for spatial location of the reflectors.
But as these measurements are often made in narrow adits, limiting the size
of antenna, a compromise has to be made.

The transmitter and receiver are battery powered and easily portable.
The measurements entail no preparations. The antennae configuration at
the salt-wall is, with respecr to the electrical coupling, not particularly
critical; all measurements are reproduceable.

The complete separation of transmitter and receiver makes it possible
to operate in much the same way as in seismic investigations. By profiling
in 1, 2 or 3 dimensions, travel-time curves can be obtained from which the
distance and the position of the reflectors can be calculated.

In contrast to seismics the time-break transference between transmitter
and receiver cannot take place without a timelag, because the wave veloci~
ties in the cables, the salt and the air are of the same order of magnitude (in
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salt V æ 130 m/pLs). It is therefore practical to work with the triggering of
the receiver by the direct-beamed electromagnetic wave (delayed repres-
entation).

The figures show the schematic circuit diagram of the transmitter
(Fig. 1) and registrations from reflection measurements in saltdomes
(Figs. 2 and 3). The measurements were made in adits within the younger
and the older rock-salt formations. The reflections represent the interfaces
between rock salt and grey clay or anhydrite.

The author would like to thank H. Mayrhofer for the initiation and stimulation
of this research. K. Deppermann'l' for his support and H. J. Dürbaum and H.
Nickel for many fruitful discussions.
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Abstract. About 300 geoelectric depth soundings have been carried out in the
Ries basin area in order to determine the crater structure. A map of lake sediment
thickness is presented. In addition, cross sections of radial profiles have been plott-
ed showing the complex structure of the inner rim with a distinct step—like tran-
sition to the central crater. The exact location of the central crater with its geo—
metrical center is provided. Resistivity sections and profiles resulting from bilateral
equatorial soundings in the central crater show a dish-like underground structure
and, in particular, the existence of another ring wall with diameter of roughly
5 km. Resistivity profiles and upward continuation of the gravity field reveal that
the central crater is asymmetric with the crater axis dipping to the east.

Key words: Meteorite Crater — Multi-Ring Basin —- Crater Asymmetry —
Suevite —— Gravity and Geomagnetic Anomalies — Geoelectric Dipole Soundings.

7. Introduction

The Ries basin is a prominent ring structure of some 25 km in diameter,
located in southern Germany about 120 km northwest of Munich. Contro-
versy has been in the past whether the Ries basin originated from a volcanic
explosion or a giant meteorite impact, but now there is no doubt that the
Ries crater is of impact origin. The impact occured about 15 million years
ago (Gentner and Wagner, 1969) and this means the Ries crater is a very
young structure. Moreover it is very well preserved owing to the filling-in
of lake deposits after the impact. But on the other hand, these lake sedi-
ments hinder direct geologic and topographic work on the original crater.
Up to now deep bore holes are lacking and that is why geophysical investi—
gations have hitherto given most information about the deeper crater
structure. The early refraction work (Reich and Horrix, 1955) has given a
rough view of the crater down to a depth of a few hundred meters, showing
the existence of an inner crater which is surrounded by the so-called inner
or crystalline rim. Gravity methods have established a strong negative
anomaly (Jung et 41., 1969). According to the volcanic theory, the negative
anomalies of the total intensity of the geomagnetic field were first referred
to basaltic intrusions (Reich and Horrix, 1955). A new geomagnetic and
seismic survey (Pohl and Angenheister, 1969; Angenheister and Pohl,



|00652||

640 K. Ernstson

1969), however, has revealed a suevite layer of reverse magnetization below
the lake sediments to be the cause of negative magnetic anomalies within
the inner rim. Measurements of seismic velocity have suggested that the
layer below the suevite may consist of fractured crystalline rocks. Their
P-velocity down to a depth of at least 2,5 km is smaller than the velocity of
the undisturbed basement outside the crater (Angenheister and Pohl, 1969).

A comprehensive presentation of geological, mineralogical, and geo-
physical investigations on Ries basin is to be found in a monograph (Bayer.
Geologisches Landesamt, 1969). In addition, a review paper was published
by Dennis (1971).

The present article summarizes results of a detailed geoelectric survey
including a great deal of depth soundings which have been carried out in
the last years. This work was primarily done in order to get an idea of the
fine crater structure, first of all of the shape of the inner rim. But the inten-
tion was also to complement seismic investigations as well as gravity and
geomagnetic survey which are ambiguous without additional information.

2. Geoeleetrz'e Mensure/72ml:

The geoelectric measurements in the Ries basin include about 300 depth
soundings lying on 15 radial and 3 diametrical profiles (Fig. 1). The mean
distance between soundings on the radial profiles is about 400 m, and 1 km
on the diametrical profiles, respectively. Quite a few soundings have been
carried out between these profiles and outside the morphological rim, too.
For the location of all depth soundings within the morphological rim see
Fig. 5. Both, Schlumberger and dipole electrode configurations have been
used for measuring ground resistivity. Soundings on the diametrical pro-
files within the central crater have been made by bilateral equatorial arrays
only. In the equatorial array, the two dipoles are placed parallel to one
another, each being centered on the equatorial axis of the other. A bilateral
sounding is made by moving two measuring dipoles to opposite directions,
the current dipole being fixed. Thus, one gets two sounding curves which
provide a high resolving power over dipping beds.

An unpublished collection of all sounding curves is available from the
Imz‘z'z‘utfz'ir Geopbymé der Univem’z‘ät Kiel.

5. Rexistivities of Roeksfrom tbe Ries Crater Area

The Upper Miocene lake sediments of the Ries basin usually are covered
with Pleistocene deposits such as loess, loess clay, or fluviatile sands and
gravels. Gathered from soundings at bore holes, the resistivities are:

loess and loess clay 10— 20 Qm
sands and gravels 150—400 Qm.
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The Upper Miocene lake sediments consist of clay and marl which show
a characteristic resistivity distribution. As a rule resistivities decrease with
increasing depth implying a rough classification into an upper layer with
resistivities of 8—15 film, and a lower layer with typical values of 3—5 £32m.
Deviations from the rule are possible.

As underlying bed of the lake sediments Barrie 1'Evian}:rezvrzmmz, Barrie
Brews“, Krr'mzfliabrerrie, or suevite are considered. These rocks are also
present at some places without younger covering which, in contrast with the
lake deposits, makes them accessible to direct soundings. Table 1 gives
results of resistivity measurements on exposed rock.

Numerous resistivity measurements have been carried out at suevite
deposits in quarries outside the crater rim. The results are given in Table 2.

The resistivity of the suevite seems to be really small. The good con-
ductivity, however, can be explained by a high porosity and the contents
of clay minerals. Thus, porosities up to 3751,, have been found in the bore
holes Deiningen and Wt’ornitzostheim (Forstner, 1967).

Concerning clay minerals, montmorillonite is predominant, filling ve-
sicles and fissures of glasses and matrix (Engelhardt at mi, 1969).
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Table 1. Resistivities of Exposed Rock from the Ries Crater
Area

Rock Location Resistivity, Qm

Crystalline
rock (granite) Wennenberg 150—300
Crystalline
rock (granite) Langenmühle 70
Crystalline
Breccia Meyers Keller

Nordlingen 20—60
Bunte Breccie Suevite quarry

Otting 20
Bunte Breccie Suevite quarry

Aumühle 20—30
Opalinus shales
(Dogger) single klippen

near Fremdingen 14—15
Malmian limestone Metzlesberg 40—80
Keuper sandstone
(Burgsandstein) north of '

Fremdingen 40—100

Table 2. Resistivities of suevite
from quarries

Location Resistivity, Qm

Polsingen 50—80
Aumühle 12—30
Zipplingen 10—13
Aufhausen 30—45
Amerdingen 12—20
Bollstadt 20—50
Otting 12—-35
Spielberg 55

4. Typz'cal Sounding Curve: ‘

Fig. 2 shows the sounding curves ES 73 and ES 52 that have been meas-
ured near Nordlingen. ES 73 (Gauß-Krüger—coordinates: R = 4390450,
H = 5411925) is located in the zone of the inner rim and ES 52 (R = 3609600,
H = 5415725) at the boundary of the central crater. In addition, Fig. 2 gives
a possible interpretation (logarithmic scale) for an assumed section: humus
— loess or loess clay — sand or gravel — Upper Miocene clay— Rz’m‘riimmer—
maßen. At ES 73 the base of the lake sediments in about 50 m beneath the
surface, and at ES 52 about 200 m.
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Fig. 2, 3. Typical sounding curves from the Ries basin with the interpreted layers
and their resistivities (in Qm). For the lithologic character of the layers see text

ES 120 (R=4399600, H=5415475) and ES 121 (R=4399225, H :_—.
5415725) (Fig. 3) show a characteristic transition from the inner rim to the
central crater near Fessenheim. The lower boundary of the lake sediments
goes down about 170 m along a distance of about 500 m, implying a dip
of20”.

All the sounding curves have been interpreted by the auxiliary point
method, using 3— and 4-layer master curves. It must be mentioned that be—
cause of often unknown true resistivities the depths of strata are approx-
imate only and sometimes serious errors may occur in the interpretation of
the measured sounding curves.

The sounding curves in the central crater are all quite similar. The lake
sediments are subdivided into an upper layer with a thickness of about
20—40 m (resistivity 8—10 £2m) and a lower layer which is more than 200 m
thick (resistivity 3—5 film). The right-hand portions of the curves have
always been measured by bilateral equatorial soundings. As a rule, the plus
and minus curves show a noticeable difference (Fig. 4). This will be used
below to describe the deeper crater structure.
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5. Thickness 0f lbs Tertiary Lake Sediments

The interpretation of all sounding curves has led to a plot of lines of
equal lake sediment thickness (Fig. 5). This plot can be taken as the topo-
graphy of the crater before sedimentation. Disregarding subsequent erosion
and tectonics this will mean the topography shortly after the impact. Be-
cause of unknown resistivities the lower boundary of the lake sediments in
the central crater could not be established definitely by geoelectric depth
soundings, but according to seismic measurements (Reich and Horrix,
1955; Angenheister and Pohl, 1969) this boundary is like a fiat dish with its
deepest point about 350 m below the surface.

Fig. 5 gives some idea of the complex structure of the outer crater zone
between the inner rim and the morphological rim. On the whole, the nor-
thern part of this zone differs from the southern part by a greater average
thickness of the lake sediments. Obviously this means that there less ejecta
have been deposited. Thus, the often discussed asymmetric distribution of
the ejecta seems to be present in the crater itself. The geological map (Bayer.
Geologisches Landesamt, 1969) illustrates the predominant existence of
ejects in the south and southeast of the Ries crater. Huttner (1969) estimates
this uneven distribution to be the result of a different post-Ries erosion on
the Alb plateau and in the Alb foreland. This interpretation is not applicable
to the crater itself. Here the Alb scarp, crossing the Ries in an east-west
direction, may have been of some importance so that in the south of the
Ries the entire Malm strata have been aected by the burst while in the
north it had only result on the Alb foreland (Kranz, 1949).

fits mentioned before the base of the lake sediments could not be found
out definitely by geoelectrie depth soundings. There is, however, some pos-
sibility to make statements on relative changes in the thickness of the lake
sediment layer. The most important part of the sounding curves in the cen-
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tral crater .is of: minimum or H type (m1 z thickness of the upper lake sedi-
ment layer with resistivityr 91, Mgzthickness of the lower lake sediment
lager (92), #23 =thickness of the suevite or fractured crystalline rock (93);
see Fig. 4). Assuming ”21, 9-n1, and 93/92 to be constant the minimum
apparent resistivit}r 9a, min is a function of the thickness m2 so that a smaller
ça, min corresponds to a greater thickness Mg. For the central crater in Fig. 6
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Fig. 6. Comparison of geoeleetric and gravity measurements. Top: Lines of equal
minimum apparent resistivity (isoohms). Values are Ohmrmeters. Bottom: Grau

vity residual field 3 (after Kahle 1968, simplified). Values are mgals
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lines of equal minimum apparent resistivity are plotted. They may be
called — not quite correctly — isoohms. Below, the gravity residual field 3
(Kahle, 1969) is shown. Comparing the plot of isoohms with that of isogals
there is quite a similarity. This correlation seems to be plausible as the
gravity anomaly primarily shows the near-surface mass distribution which
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is the mass distribution of the lake sediments in the Ries crater. Thus the
isoohms may be understood as lines of equal thickness of the lake sediments
without saying anything about the true thickness. A restriction is yet to be
made as ça, min depends on the resistivity of the underlying bed, too. There
is often a correlation between the density of rock and its resistivity so that
a higher density correlates with a higher resistivity. Consequently, the
approximately identical pattern of the isoohms and the isogals may be
caused by the rock below the lake sediments. Both effects cannot be dis-
tinguished.

There is a problem in interpreting gravity anomalies in the Ries con-
cerning the construction of a true regional field. These difficulties have
been pointed out by Jung and Schaaf (1967), and so different interpretations
by these authors as well as by Kahle (1968) result in eight different regional
fields. They correspond to eight residual fields and just as many different
mass deficiencies (20,000—105,000 megatons). From these eight residual
fields a special one can be selected which shows the best fit to the plot of
isoohms. Hence, the gravity residual field 3 (Fig. 6) most probably is the
best approximation to the true Ries gravity anomaly.

6. Radial Profile: — Cr055 Sectz'om of the Inner Rim

The small scale of the map in Fig. 5 has necessitated some simplifi-
cations. More detailed informations on the structure of the inner rim may
be obtained from cross sections of the radial profiles. Cross sections of all
15 radial profiles are given in Ernstson (1974). Some typical ones showing
the lower boundary of the lake deposits (i.e. the surface of the inner rim)
will be described below (Figs. 7—11). The depths of the horizons are always
related to the surface which, for simplification, has been taken to be even.
This seems to be justified as the very flat topography of the Ries plane
only causes a slight distortion of the true boundary layers. The strongly
exaggerated cross sections may not deceive about the fact that, as a rule,
there are only flattened structures.

Fig. 7 shows the surface of the inner rim along profile II running from
the west to the east near Wallerstein. As most other profiles will show,
too, the steplike transition to the central crater is a characteristic feature
of the inner rim. The dashed line indicates a horizon within the lake
sediments which separates an upper layer with resistivities of 9—14 Q m
from a lower thick layer with a resistivity of about 5 Q m. The steep dip
(about 40°) of the lake sediment base between ES 8 and ES 31 marks the
boundary of the central crater.

Fig. 8 shows the cross section of the noteworthy tonguelike depression
in the south of the crater being connected with the central basin (see also
Fig. 5). The maximum thickness of the lake sediments is about 300 m.
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This is in agreement with depth estimations derived from seismic refrac-
tion measurements (Reich and Horrix, 1955). Reich thought this depression
to be an external pit crater, but with regard to geoelectric measure—
ments there is no evidence for such an interpretation.

Profile 1X (Fig. 9) is located to the east of the crater and shows a step-
like transition from the inner rim to the central crater. Somewhat higher
resistivities (3:) 100 Q m) of the rock below the lake sediments are probably
due to minor fractured crystalline klippen which form the inner rim.
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Up to now the north of the Ries crater had a sort of exceptional position
because of a gap of the inner rim that was required by seismic refraction
work (Reich and Horrix, 1955) leading to the concept of the “horseshoe—
like” ring wall and, later on, to the assumption that the impacting body
came from the north. In a previous short paper (Ernstson, 1972) a prelimin—
arr qualitative interpretation of bilateral equatorial dipole soundings
has shown that the idea of a horseshoe—like inner ring no longer is valid.
Meanwhile, additional investigations have been carried out including a
quantitative interpretation of sounding curves that leads to cross sections
shown in Fig. 10.
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Profile XI (Fig. 11) running from NNW to SSE near Maihingen is
characterized by a distinct steplike structure Df the inner rim. The boundary
layer within the lake sediments (dashed line) is nearly parallel to the surface
of the inner rim (quite similar to profile VI, Fig. 8), and this is thought
to be an indication for a post~Ries sinking of the inner rim.

.7. Bounds/H3! af #9:? Charm! Crater

As has been seen from the cross sections of the radial profiles the bound—
ary of the central crater is indicated by a relatively steep dip of the lake
sediment base. In Fig. 12 the transition from the inner rim to the central
crater has been marked by a heavy dash. These marks lie nearly on a circle
providing the diameter of the central crater to be about 10,5 km and its
center being located 1 km north of Klosterzimmern. In addition, Fig. 12
shows the boundary of the central crater resulting from interpretations of
the gravity residual field (Kahle, 1968).

8. Dipaie .Siemtdiagr in [be Central C‘i‘az‘ar-Innermarz‘ Ring Wal!

Since at present true resistivities of rock beneath the lake sediments are
unknown the following statements primarily deal with a qualitative inter-
pretation of bilateral equatorial soundings with considerable depth pene~
tration (2000 m maximum dipole separation) in the central crater. Re—
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sistivitj.‘ cross sections have been constructed for the diametrical profiles
A and B with the average values of plus and minus resistivity plotted
at the arrayr centers (Fig. 13). Thus, one gets an idea of the dish—like under-
ground structure as is expected for a meteorite crater.

Seismic studies on a profile near Wi'allerstcin have provided evidence
that below the lake sediments there is a refraction marker showing also
some weak reflections (Angenhcister and Pohl, 1969). This horizon is
thought to be the base of a suevite layer. In particular, an upbowing of the
horizon must be mentioned which, because of the correlation with magnetic
anomalies, leads to the concept that generally a strong negative anomalv
indicates a considerable suevite thickness and, vice versa, a small negative
or even positive anomaly is due to a thin or even lacking suevite layer. In
order to confirm this concept in principle, results of the geoelectric depth
soundings have been compared with measurements of the total magnetic
field intensity. This is illustrated in Fig. 14 showing the anomalies of z] T
plotted along the diametrical geoelectric profiles. (A T is the dierence
between the measured total intensity“ T and a regional field.) All magnetic
data have been taken from an isanomalic contour map (Pohl and Angen—
heister, 1969). To construct the geoelectric profiles of Fig. 14 it has been
assumed that the right—hand portion of the sounding curves is of A type
(see Fig. 4): ggs< QM < c - 913, q; c are the resistivities of the lake
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sediments, suevite, and fractured crystalline rock. As for the A type, the
first slope of the curve is a measure of the second layer thickness, the
resistivity of the third layer being constant. For the sounding curves in the
central crater that means: The steeper the slope the thinner the suevite
layer should be. From this the construction of the geoelectric profiles
results, dispensing with assumptions on true resistivities but using direct
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Fig. 15. On the construction of the geoelectric profiles from Fig. 14
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anomaly and a gradient concerning the radial decrease of gravity due to the nearly
concentric negative anomaly. The geoelectric profile is part of the profile B in

Fig. 14
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measurements only. For both, plus and minus curves the distance Aga
between the apparent resistivity, referred to a 650 m dipole spacing, and the
minimum apparent resistivity has been evaluated using the middle between
current and measuring dipole as reference point (Fig. 15). The N——S
profile C includes the soundings ES D1 and ES D32 being located some
300 m east of the profile and their average Aga referred to the array center.
Although this construction method is based on rather simple assumptions
the good correlation between magnetics and geoelectrics is obvious and
demonstrates the validity of the stated concept.

In addition, a new special gravity survey has been carried out along a
profile nearly parallel to the seismic reflection profile east of Wallerstein,
showing clearly an upbowing composed of rocks with a higher density
than the neighbouring suevite (Fig. 16).

Returning to Fig. 14, it is evident that the distribution of magnetic
anomalies (and therefore suevite) is not random. Strong negative anomalies
can be found in a marginal zone of the central crater, another one is located
nearly at the center of the crater. Between these, upbowings exist which,
summarizing results of geophysical measurements, consist of material
of higher density, resistivity, and seismic P velocity but lacking negative
magnetization. As has been pointed out earlier by Angenheister and Pohl
(1969) this material is thought to be less fractured crystalline rock with an
induced positive magnetization (Pohl, 1971).

In Fig. 17 the crests of these structures from geoelectric and gravity
measurements have been marked. According to Will (1970) there is also
some evidence for an upward bowing on the seismic refraction profile 10.
Fig. 17 gives an idea of the elliptical shape of the ring-like structure with a
diameter of roughly 5 km. This structure will be called the innermost
ring wall. It cannot be decided whether the upbowings are continuous or
peak-like. To answer the question of the formation of this ring we remember
the reverse convergent flow of material due to the release of shock com-
pression (David, 1969), and it is suggested that the innermost ring wall
may have been the beginning of a central uplift formation.

A somewhat surprising result was obtained by Johnson and Vand
(1967) applying a data smoothing technique by Fourier analysis to topo-
graphic contours of Ries area. Outside the main rim (diameter 24 km)
the authors established the existence of two extra rims with 34 and 45 km
in diameter. Including the inner (or crystalline) rim and the innermost
ring wall a system of five rings for the Ries crater is obtained, similar to
the multi-ring systems of large lunar craters. A characteristic feature of
these ring systems is the ratio of successive ring diameters to be usually
about V2 or 2 (Hartmann and Wood, 1971). These multi—ring structures
are supposed to be the result of frozen shock waves or some interference
connected with the mechanism of shock wave propagation after the impact.



Ries Crater. Geoelectrie Depth Soundings 655

11)------ (2)—- —-- (a)———w J
0 5km

Fig. 17. Innermost ring wall. Crests of upbowings below the lake sediments:
(1) on geoelectric profiles
(2) on gravity profile
(3) on seismic profile (after Will 1970)
(4) boundary of the central crater

Another explanation is Baldwin’s tsunami theory (1972). Referring to the
Ries crater the following series of diameters is obtained

45 34 24 11,5 5 km

where 11,5 km for the diameter of the inner rim is a mean value which
has been found by averaging the distances between the rim crest on the
geoelectric radial profiles and the central crater midpoint. The ratios of
successive ring diameters are

1,3 1,4 2,1 2,3
and, hence, are in good agreement with the above spacing law. However,
it must be mentioned that the “true” center of the outer rings as calculated
by Fourier analysis is about 2,5 km off the center of the Ries crater establish—
ed by geoelectric measurements.

9. Asymmetric Deeper Strzrriara
Fig. 18 shows two resistivity profiles which have been constructed

for the geoelectric profiles A and B. For a dipole spacing of 1600 m appa—
rent resistivitv values have been taken from plus and minus sounding
curves. The reference points for the two values of apparent resistivity
(midpoints of lines connecting the center of both, current and measuring
dipole) are joined by a straight line (the resistivity line). It should be noted



656 K. Ernstson

SW NE
05 020 m 021 m n22 Dz 023 Da
v D P U Ü 7 v D 9

m a
+
l

:
ProfileA

l
I
I
l

apparent 1 km

resistivity [nm]
1i

NW SE
D35 DM. 038 033 DB? 032 031 039 030 035

e v ï v fl 7 v u 12

\
1s * \

/
16" \

/
Profile B

.__...__.___-.—__.

apparent
resistivity [Dm]

Fig. 18. Apparent resistivity profiles for a dipole separation of 1600 m. Arrows
indicate the center of the inner crater rim

that this construction differs from that of Fig. 14. The resistivity lines in Fig.
18 nearly become a continuous curve pointing out the dish—like structure
of the crater. The steep rise of the resistivity lines of the soundings ES D35
and ES D36 is caused by the fact that for large spacings the measuring
dipoles already move above the inner rim of higher resistivity. It cannot
be decided whether the resistivity profiles indicate a defined horizon of
appreciable resistivity contrast or a transition zone, say a change from
intensely fractured crystalline rocks to less fragmented basement.

In Fig. 18 the asymmetry of the resistivity profiles, related to the drawn-
in arrows, is conspicuous. These arrows mark the intersection point of the
profiles A and B which is identical to the center of the central crater rim
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Fig. 19. Upward continuation of the gravity residual field. Continuation height:
6000 m above reference plane

as has been established by geoelectric measurements (see 7.). This means:
The center of the deeper crater structure does not coincide with the center
of the inner crater rim but is shifted to the east. The difference is about 1,5
km on profile A, and 1 km on profile B.

Considering the upward continuation of the gravity residual field there
is some more evidence for an asymmetry of the crater. Fig. 19 shows the
gravity anomaly that has been computed for the residual field 3 (see Fig. 6)
for a continuation height H =6000 m above reference plane. As can seen
from Fig. 19 the strongly smoOthed Ries anomaly is described by nearly
concentric isogals of elliptical shape with the semimajor axis striking westeast.

The observed asymmetry may be considered to be the result of an
oblique impact from direction west or east, respectively, confirming the
theory that the Bohemian tectites (moldavites) have been ejected from the
Ries crater (Vand, 1965; David, 1966), However, it must be mentioned
that an oblique impact is not the only explanation for the observed asymme-
try. The influence of the pre—Ries topography and the preuRies relief of the
basement surface on the formation of the crater are also discussed (Ernst-
son, 1974).

The geoelectric meaSurements can by no means give any argument
for an impact direction from northnnorthwest as has been established by
Illies (1969). Illies’ theory is based, among other things, on the well—known
asymmetric distribution of the Ries ejecta and, especially, on results of
previous geophysical measurements. Using the shape and the location of
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the Bouguer gravity anomalies, for example, Illies deduces a flight direc—
tion (NNW to SSE), an angle of impact trajectory (13°), and an impact
location (NW of Durrenzimmern). As has been pointed out by Kahle
(1968, 1969) the evaluation of the gravity residual field (describing the true
anomaly) strongly depends on the arbitrariness in constructing the pre—
Ries regional gravity field. Therefore the Bouguer anomaly seems not to
be suitable for conclusions concerning impact features.

The geoelectric measurements can give a somewhat more founded
argument for the impact location. According to 7., the center of the inner
crater rims is located 1 km north of Klosterzimmern. This point or —— tak—
ing into account the dipping crater axis — a point somewhat more in the
east is thought to be the impact position, that means the point from which
shock wave has started. This is in good agreement with results of mineral-
ogic investigations: Graup (private communication), who analyzed shock
effects on biotite of crystalline klippen, found that trajectories of shock
wave propagation intersect in a point positioned 1 km northeast of Kloster-
zimmern. But yet there is no explanation for the discrepancy between the
centers of the crater, one established by geoelectric and mineralogic re-
search, the other found by Fourier analysis.
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Note Added in Proof. Resistivity well logging measurements carried out in the
1200 m drillhole Nördlingen, 1973 in the Ries crater have now provided true
rock resistivities. Furthermore, resistivity measurements of cores have shown
that the lake sediments are to a considerable extent anisotropic. So it will be pos-
sible and necessary to reinterpret the measured sounding curves in order to get
exacter depths of strata.

Reference
Ernstson, K.: Untersuchungen Zur elektrischen Leitfähigkeit in der Forschungs-

bohrung Nördlingen 1973. Geol. Bavarica 72, 1974



|00672||



|00673||

J. Geophys. 40, 661—665 1974

Measurements of Magnetic Total Field
Anomalies in the Hon Graben, Libya

A. Schult

Institut für Angewandte Geophysik der Universität München,

Received March 21, 1974

Abstract. The total magnetic field along four profiles (ground stations)
crossing the Hon graben has been measured. The anomalies found seem to strike
parallel to the graben. West of the graben positive anomalies were found indicating
a shallow depth of the magnetic basement in this area or other higher magnetized
bodies striking parallel to the graben. In the central and eastern part of the graben
the magnetic basement seems to have a trough-like structure.

Key wordr: Hon Graben — Anomalies of Earth’s Magnetic Field.

Introduction

The Sirte basin in Libya is characterized by several NNW striking
graben systems and graben-like troughs of which the Hon graben is the
most western feature. The geological situation has been reviewed by
Klitzsch (1970). The Hon graben (see Fig. 1) is about 260 km long and
40—60 km Wide. Topographically the margins rise 100——300 m above the
depression. According to Klitzsch (1970) the top of the paleozoic basement
has its maximum depression of about 1800 m in the southern part of the
graben. The present structure of the graben has been formed in Early and
Middle Tertiary time. Early stages of the graben date back to the Upper
Cretaceous. The surface of the graben shoulders consists of Upper Creta-
ceous and Lower Tertiary rocks, the graben depression of Upper Tertiary
and younger rocks, all of low magnetization. Southwest of the graben are
the extended flood basalts of the Jebel Soda (see Fig. 1).

An aeromagnetic survey of the Hon graben area is not known to the
author. Provisional field magnetic measurements in AZ along one profile
across the Hon graben were carried out by Schult and Sofiel (1971). In this
paper the results of ground measurements in AT (total field) along four
profiles crossing the graben are presented.

Mensure/mitt: and Result:

The location of the profiles are shown in Fig. 1. The distances between
the field stations were 1 km or less. The measurements were carried out
with an Askania proton magnetometer (sensitivity :1: 1 y). The values
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Fig. 1. Map showing the Hon graben and the location of the profiles (continous
lines). For the interpretation the measured profiles were projected on straight
lines (broken lines), vertical to the strike direction of the graben. J. 8.: Hood

basalts of Jebel Soda

obtained were corrected for diurnal variation using the records of Missalat,
Egypt (same magnetic latitude as the Hon graben) with a correction for
the longitudinal difference. Anomalies were then calculated according to the
regional field given by Leaton et a]. (1971). Finally the measured profiles
were projected on a straight profile line striking 68° from North to East
(that is rectangular to the strike of the graben, see Fig. 1). The results for
the projected profiles are shown in Fig. 2.

In general the shape of the anomalies on profiles 1, 2 and 3 are similar
showing positive anomalies at the western graben shoulder, a broad
minimum in the western part of the graben and a smooth increase in the
middle and eastern part of the graben and the eastern graben shoulder.



Magnetic Field Anomalies in the Hon Graben, Libya 663

fimwwfl
à

Profile 1

W

WSW W ENE

f I IF _l

Ü 20 km 1.0 60 8U

Fig. 2. Anomalies of total field along profiles normal to the strike direction of the
graben. See Fig. 1

The similarity Df the anomalies on the profiles 1—?) implies that the anom-
alies originate from magnetic bodies striking more or less parallel to the
graben. — Profile 4 which is located in the most nothern part of the graben
shows very small anomalies only.

Interpretation and Discussion

For a tentative interpretation it was assumed that the anomalies originate
from a “magnetic basement” with a uniform magnetization of 125 - 10—5
Gauss magnetized parallel to the direction of the present earth’s magnetic
field in that area. The results of the two+dimensional model calculation
(with a strike parallel to the graben) are shown for profile 1 and 3 in Fig. 3.
The assumed model of the magnetic basement at the western margin of the
profiles is not realistic because the shape of the anomaly west of the measured
profiles is not known. The large step of the magnetic basement at the
western margin (in broken lines in Fig. 3) was introduced only to satisfy
the boundary conditions.
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Fig. 3. Two—dimensional model calculation for profiles 1 and 3. Strike of the model
is parallel to the graben. An uniformly magnetized magnetic basement (hatched
area) with a magnetization of 125 - 10““5 Gauss in the direction of the earth’s field
was assumed. Circles represent the measured anomalies, lines the model anomalies

According to the calculated models the “magnetic basement” shows
relatively shallow depth at the western graben shoulder. — Gravimetric
measurements in this area also indicate bodies of higher density at shallow
depth (Staffel, personal communication 1973). —— The depression of the
magnetic basement which has its maximum depth in the middle of the
graben is steeper at the western margin of the graben than in the eastern
part. lt should be considered however that the positive anomalies west of
the graben may be also due to bodies with higher magnetization (e. g. basic
intrusions) than the surrounding magnetic basements.
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In the two papers
Long Range Profiles in Western Europe:
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the time scale of one record section is in error. This record section is reproduced
in the upper part of Fig. 2 and Fig. 3 (paper A), and in Fig. 1 of paper B. The time
scale of this record section is labelled uncorrectly. The reduced time 30 8 should
read 25 s, the 5 s mark is labelled correctly. All other marks should be corrected
accordingly. The time scale of the lower part of these figures is correct. The
authors are grateful to E. Peterschmitt who has pointed out this mistake to them.
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Boa/è Reviews
P/Jyxz'c: and Chemistry in Space. J. G. Roederer und J. Zähringer, Hrsg. Vol. 4:

A. Omholt: T/Je OpticalAurora. XIII und 198 Seiten, 81 Abb., Berlin—Heidelberg—
New York: Springer 1971, ISBN 3-540-05486-3, Leinen, DM 58,—.

In dem vorliegenden Buch wird das sichtbare Polarlicht unter den Gesichts-
punkten des Einfalles geladener Teilchen und der optischen Anregungsprozes se
behandelt. Die Themen der einzelnen Kapitel sind: 1. Auftreten und Ursache von
Polarlichtern; 2. Die Elektronen-Aurora; 3. Die Protonen—Aurora; 4. Das op—
tische Spektrum von Polarlichtern; 5. Physik der optischen Emissionen; 6. Tem-
peraturbestimmung aus optischen Emissionen ; 7. Pulsierende Aurora; 8. Optische
Aurora und Radiowellenbeobachtungen; 9. Polarlicht-Röntgenstrahlung.

Im einführenden Kapitel werden mit hinreichender Ausführlichkeit die Er-
scheinungsformen des Polarlichtes mit Beispielen anhand von Schwarz-weiß Auf—
nahmen und das Verhalten der anregenden elektrisch geladenen Teilchen im
Erdmagnetfeld beschrieben. Die folgenden Kapitel behandeln in klarer Darstellung
die derzeit bekannten physikalischen Prozesse, wobei auch die noch offenen Fragen
mit angeschnitten werden. Einige Grundkenntnisse über Atom- und Molekül-
spektren werden dabei vorausgesetzt.

Man merkt dem Buch an, daß sich der Autor schon sehr lange mit der Materie
beschäftigt und es versteht, den Stoff systematisch darZustellen. Die Aufmachung
ist gut, wenn es auch wünschenswert wäre für die Leser, die selbst noch kein
Polarlicht gesehen haben, wenigstens einige der Bilder in Farbe Zu drucken.

B. Theile, Braunschweig

Cosmz'cal Geopbysz'a. A. Egeland, 0. Holter und A. Omholt, Hrsg. 360 Seiten.
Oslo—Bergen—Tromsö: Universitätsforlaget ISBN 82-60-02256-0, NKr 96,—.

Das Buch ist in 23 Kapitel und einen Anhang aufgegliedert. Das Kapitel 1 ist
eine historische Einführung; in den folgenden Kapiteln werden behandelt:
Solare Teilchen— und Wellenstrahlung, das geomagnetische Feld, die neutrale
Atmosphäre, Ionosphärenentstehung, Airglow, der solare Wind, die Magneto-
sphäre, Bewegung geladener Teilchen in der Magnetosphäre, Teilchenbeobach-
tungen in der Magnetosphäre, Polarlichtteilchen, Elektrodynamik der Ionosphäre,
Störungen des erdmagnetischen Feldes, Morphologie des Polarlichtes, Streuung
und Absorption einfallender Teilchen, Ionisation und Anregung durch einfallende
Teilchen, Polarlichtzonen-Röntgenstrahlung, Wellen im Plasma, Radiowellen-
ausbreitung, Beobachtungen mit Radiowellen, Pulsationen, Whistler und VLF,
Rückstreuung und kosmische Strahlung.

Der Anhang enthält eine Reihe von sehr nützlichen Tabellen und Formelzu-
sammenstellungen.

Die Autoren der einzelnen Kapitel sind Fachleute auf dem jeweiligen Gebiet
(und in überwiegender Mehrzahl durch ihre Originalarbeiten bekannt). Den
Herausgebern ist es gelungen, inhaltliche Überschneidungen der einzelnen Kapitel
untereinander zu vermeiden.

Die Autoren haben sich erfolgreich bemüht, den Stoff in klarer Form und ohne
große Gedankensprünge darZustellen. Die meisten Kapitel schließen mit Übungs-
aufgaben ab, an denen der gründliche Leser sein Verständnis prüfen kann. Vor-
nehmlich ist das Buch für Studenten höherer Semester gedacht, doch auch der in
der Praxis stehende Geophysiker wird dieses Buch gerne Zur Hand nehmen, wenn
es darum geht, etwas Zu verstehen, was außerhalb des eigenen Spezialgebietes
steht. Die Aufmachung des Buches ist gut.

Man kann wünschen, daß der vergleichsweise geringe Preis von umgerechnet
ca. DM 46,— zu einer großen Verbreitung des Buches beiträgt.

B. Theile, Braunschweig
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Abrtraet. Results and limitations of the diffusion-convection model for cosmic-
ray propagation in the interplanetary space are presented. We first discuss magnetic
field fluctuations on various scales, in particular the power spectral representation
and its relation to cosmic ray diffusion in pitch angle and real space, and the
non—resonant scattering at magnetic field discontinuities. The large variation of
the fluctuation level with heliocentric longitude is partly ordered by the high-
speed solar wind streams.

In the second part we analyze how far the diffusion model can carry us to
obtain a unified view for the propagation of both galactic and solar cosmic rays.
It is shown that mean free paths derived from time-intensity profiles of solar
events increase when solar injection processes are taken into account. We derive
a picture in which the local mean free path is on the average relatively large (of
the order 0.1 AU for rigidities below a few hundred MV). The propagation
conditions are highly variable, ranging from locally almost convective transport
to scatter-free propagation.

The long term variations are much less pronounced. It seems as if the local
propagation conditions do not reflect the 11 year modulation of galactic cosmic
rays, apart from the several GeV energy range.

In the final section we mention some of the limitations of the diffusion model
and discuss in particular the concept of collimated convection. It is stressed that
we require detailed knowledge of the type of magnetic field fluctuations, of the
pitch-angle scattering process, and of a theory delivering accurate predictions
of the cosmic-ray transport coefficients from measured interplanetary magnetic
field properties.

Key wordy: Coronal Propagation -— Diflusion —— Anisotropies —— Alfvén-
Waves -— Discontinuities — Modulation — High-Speed Streams —— Power Spectra ——
Radial Gradients — Resonance Interaction.

7. Iniroduez‘ion
The concept of cosmic ray scattering by magnetic field irregularities

was invoked very early in connection with the observed isotropy of cosmic
ray incidence and the necessary long storage times in the galaxy (e.g.

* Dedicated to Professor Georg Pfotzer with best wishes for his 65th anni-
versary.
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Unsöld, 1951; Morrison et al., 1954). The transfer of this model to the
propagation of cosmic rays in interplanetary space was initiated by tran-
sient phenomena of solar origin: the time-intensity profile of the solar pro—
ton event of 23 February 1956 was explained by a diflusion model by Meyer
et al. (1956), and Morrison (1956) developed a model for Forbush—decreases,
based on diffusion of particles into disordered plasma clouds.

In the early diffusion models, cosmic ray scattering was thought to
take place at isolated “scattering centers”. In the diffusion-convection
model by Parker (1958) the isolated plasma clouds emitted during solar
flares were replaced by the continuous solar wind carrying frozen-in
magnetic field irregularities. The random walk of cosmic-ray particles is
caused by at least two effects: the particle pitch angle changes continuously
as a consequence of interactions with the small fluctuations; in addition,
a few large angle scatterings or even reflections may occur at some of the
large kinks in the field.

The diffusion model became more and more successful to describe
and order a large amount of cosmic-ray data, and finally it appeared to
become possible to relate the essential model parameter, the scattering
mean free path Â" along the average field, to observed interplanetary
magnetic field properties by treating the resonant interaction of charged
particles with random magnetic fields (Jokipii, 1966). As early as 1966
Jokipii expressed the hope that “application: of the formalism to direct observa-
tion: of tbe interplanetary magnetic field slzould ma/ée possible a quantitative dis-
cussion of cosmic-ray propagation and modulation in tloe solar system”.

The years from 1966 to 1972 were characterized by the following
developments :

1. Derivation of cosmic—ray scattering mean free pat/7: from measured
interplanetary magnetic field (IMF) spectra by making use of the resonance-
scattering formalism (see Jokipii, 1971, for a general discussion).

2. Formulation of the full transport equation for the cosmic-ray density
and streaming: diffusion-convection models with anisotropic diffusion
and inclusion of adiabatic energy losses in the solar wind (see Jokipii and
Parker, 1970). '

3. Fits of time-intensity profiles of Jolar particle event: to solutions of
(2) (see Axford, 1972).

4. Fits of spherically symmetric steady-state solutions of (2) to the
17 year modulation of galactic cosmic rays (see Gleeson, 1973).

5. If one tries to combine the results of (3) and (4), it should be possible
to describe the propagation medium on the average by a certain radial
dependence of the mean free path. By using (1), this variation can be predicted
if the radial variation of IMF fluctuations is treated theoretically. This has
been done for one special case: the scattering of cosmic rays due to Alfvén
waves (see Völk et al., 1974).
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For some time it appeared then that the large amount of experimental
and theoretical work summarized very briefly under (1) to (5) above by
quoting some representative work would culminate in a unified view of
cosmic-ray propagation in interplanetary space: A cosmic-ray particle
of rigidity P which stays momentarily at a distance r from the Sun, propa-
gates back and forth along the interplanetary magnetic field with a mean free
path Â" (r, P). This mean free path can be obtained by local properties of
the interplanetary magnetic field at the same position r. Solutions of the
transport equations in a spherically symmetric medium or along a field line
bundle are uniquely determined by the boundary conditions once the
radial dependences of /1”(r, P) and the solar wind speed Vw(r) are known.
Short and long term variations in the observed cosmic—ray propagation
properties should be related in a well defined manner to changes in the
interplanetary plasma and magnetic field properties.

It has turned out during the last two or three years that it was too early
for such an optimistic view. New evidence from theory and experiment
came in the following fields:

(A) In sitn measurements up to a distance of 5 AU from the Sun have
led to modifications about the radial dependence of the mean free path.

(B) Deviations from spherical symmetry may be needed to explain
certain features of galactic cosmic ray modulation.

(C) Solar transport and injection effects determine the time-intensity
profiles of solar events to a large degree.

(D) Large magnetic field discontinuities were shown to play an im-
portant role in controlling cosmic ray density distributions in space.

(E) General sceptizism on the validity of the quasi-linear approach (1)
arose and could be substantiated.

(F) Anisotropy measurements during solar cosmic ray events showed
substantial deviations from the prediction of diffusion models.

Points A to D refer to modifications in the numerical values of the cosmic
ray mean free path and its radial dependence and can still be treated within
the framework of diffusion-convection models. Points E and F are of a
fundamental nature and require new approaches to the theoretical treat-
ment of the propagation problem. A paper by Fisk et al. (1974) closes by
stating “In conclusion, tben, no cornplete t/Jeory appears to be available at t/sis lime
accurately determing cosmic-ray diflnsion coefficients from observedproperties of the
interplanetary magnetic fiel .”

It is the purpose of this paper to summarize a few of the efforts and
results which have made the diffusion model so appealing (section 3) and
to continue by presenting some evidence for the limitations of the diffu-
sion model (section 4). The discussion is preceded by a presentation of some
features of the interplanetary magnetic field (section 2), in particular as far
as they are important for cosmic ray propagation.
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2. Interp/anetary Magnetic Field Strum/re

Before starting let us keep in mind that solar and galactic cosmic ray
observation studies span a range of Larmor radii of many orders of magni-
tude in a given magnetic field configuration and that it is necessary therefore
to discuss the field structure on various scales. We shall follow the classi-
fication of scales introduced by Burlaga (1969 a). The relation between time
scales, spatial scales and cosmic ray particle energies is to be understood as
follows: if the field is frozen into the plasma and transported across an
observer with the solar wind speed Vw, then a spatial scale LC in the field
in the radial direction is seen as a temporal scale Tc =Lc/ Vw. An energetic
particle will have a Larmor radius of this size LC, if its magnetic rigidity
PC is related to L6 by PC :3 LC. Here B is the “average” field magnitude,
which in general has a useful meaning, because B changes slowly within
the scale La. When relating these three quantities one usually takes Vw =
400 km/sec, B=5y. To give an example: T6:1 hour corresponds to
Le =1.4-106 km æ10—2 AU, Pc ~21 GV (or kinetic energy 1.4 GeV for
a proton).

Let us discuss the largest scales first. To get an impression how the IMF
looks like on various time scales the reader is referred to Figs. 1—4 in Bur-
laga (1969 a). Many more details than presented here can be found in extend—
ed reviews by Ness (1968), Schatten (1971), Burlaga (1971 a, 1972).

The Macro—Scale (Spiral and Sector-Structure)

In a model of quiet solar wind expansion the plasma streams radially
away from the sun with uniform speed in time and solar longitude, leading
to the ideal Archimedean spiral configuration (see Parker, 1963). At 1 AU
and for a 400 km/sec wind speed the ideal spiral is inclined about 45° to
the solar radius vector. Experimentally the spiral structure shows up if the
magnetic field is averaged over sufficiently long time; the momentary field
direction shows large variability. On the time scale of days (corresponding
to Larmor radii of protons about 100 GeV at 1 AU) the magnetic field is
organized into magnetic sectors in which the field points alternately to-
ward and away from the sun (Wilcox and Ness, 1965). The number of
sectors per solar rotation changes with the solar cycle (see Wilcox and
Colburn, 1970). According to Iucci and Storini (1973), the average length
of one sector is 4.3 days in 1965, 8 days in 1968. They also find that this effect
causes a change in the upper rigidity cutoff for the diurnal variation from
æ 50 GV during 1965 to æ 150 GV during 1968, which might be one cause
of the solar cycle change in the diurnal variation.

The radial variations of the IMF structure between 1.0 and 4.3 AU as
obtained by Pioneer 10 observations have recently been summarized by
Smith (1974). Fig. 1 shows histograms for the three hour averages of the
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Fig. 1. Histograms of three hour averages of the spiral angle at 1.0 and 4.3 AU
as obtained from the Pioneer 10 vector helium magnetometer. The vertical
arrows at the bottom of each panel represent theoretical values for the smooth

Archimedean spiral. (After Smith, 1974)

spiral angle a: for the two heliocentric distances 1.04 and 4.3 AU. The or-
ganization of the IMF into toward sectors (left part of the histograms) and
away sectors (right part) is clearly evident. The theoretically expected change
in the spiral angle for a solar wind speed of 360 km/sec is from 309° at 1 AU
to 281° at 4.3 AU and is indicated by the arrows at the bottom of the histo-
grams. So the change in the average direction is consistent with the theo—
retical expectation of the Parker model; there is considerable spread around
the average direction, but this is roughly the same at both locations.

W’e conclude therefore that on a large scale cosmic ray particles will find
a well-ordered interplanetary magnetic field. Above 100 GV, the Larmor
radius is sufficiently large for particles to “see” the sector structure, i.e.
in general they do not stay within a sector of one polarity during one gyra-
tion. Consequences for particle trajectories are discussed by Barnden (1971).
The curvature and gradients in the large scale IMF cause considerable
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Fig. 2. Large scale interplanetary magnetic field structures (schematic) connected
with non-uniform expansion of the solar wind. A: (Corotating) stream-stream
interaction. B: Slow—fast sequence of solar wind emission from the same solar
longitude. B’: Fast-slow sequence of solar wind emission from the same solar

longitude

latitudinal drift of particles. Barnden and Bercovitch (1974, private corn—
munication) conclude that as a consequence galactic cosmic ray difl‘use and
drift to us through high latitude regions of the solar system instead of fol—
lowing the spiral field in the ecliptic plane, which gets more and more
tightly wound up with increasing distance from the sun.

The Meso-Scale (Efl'ects of Fast and Slow Solar 1OUind Streams)

The expansion of the solar wind can be non—uniform both in time and in
solar longitude. In both cases the magnetic field lines will no longer coin-
cide with the plasma stream lines in a corotating frame. In Fig. 2 we present
schematically the expected magnetic field configuration for two simplified
cases.

Case A corresponds to the stream-stream interaction: a highespeed stream
overtakes the ambient slower solar wind due to the rotation of the sun. The
structure of these “colliding streams” is extensively discussed e.g. b}?
Hundhausen (1972). The resulting IMF configuration is somewhat ex-
aggerated above (A) in Fig. 2. For a steady coronal source distribution this
structure will corotate as a whole, and an observer in space will see an in—
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crease in plasma density and magnetic field magnitude before the fast solar
wind arrives. The expected change in field direction is masked by the oc-
curence of Alfvén waves, which are of particularly large amplitude at the
leading edge of high-speed streams (Belcher and Davis, 1971).

In contrast to the stationary structure A, the same coronal region may
emit solar wind with expansion speeds varying as a function of time. Ob-
servations have shown (Gosling, 1971 ; Gosling and Bame, 1972) that coro—
tating structures normally do not persist for much longer than 2 or 3 days.
Nolte and Roelof (1973 b) have developed a method to construct the large-
scale magnetic fields from solar wind speed measurements on several
spacecrafts separated in heliographic longitude. They show the develop—
ment of a double kink superimposed on the general spiral field (see Fig. 1
of their paper), if the solar wind speed is increased at the solar source over
a finite range of longitudes for a finite time period. This structure propa-
gates radially outward. The most disturbed part of the field line bundle
may have an appearance as sketched under B in Fig. 2.

In the reverse situation, if the fast solar wind is followed by a slow solar
wind from the same region, the direction of the field “kinks” is also reversed
(see B’ in Fig. 2). An observer who sees the magnetic field carried along by
the radially streaming plasma may now be connected with the mme region
on the sun for some time, in contrast to case A. Situation B’ is called a solar
wind “dwell” (Roelof and Krimigis, 1973) and has important consequences
for the discussion of long-lived solar particle events.

The large-scale bends in the field, which are traveling outwards, may
act as partial barriers or reflectors for particles reaching regions of magnetic
field compression. The finite extent and the variable location of such struc—
tures means that it depends on time and location of a flare whether solar
particles traveling outwards will find this kind of obstacles for their pro-
pagation.

As a matter of fact directional changes occur on many different time
scales. Belcher and Davis (1971) have analysed correlated changes in the
components of the magnetic field and the plasma velocity and have identified
aperiodic Alfvén waves occuring on time scales between 5 minutes and 4
hours, corresponding to wavelength of 0.03 AU and smaller. They are
almost exclusively moving outward and therefore most probably of solar
origin. One possible mechanism is the supergranular motion in the solar
atmosphere and the resulting field-line random walk (Hollweg, 1972).

Some of the Alfvénic waves may steepen to give an “Alfvén shock”
or a rotational discontinuity (Burlaga, 1971; Smith, 1973). In all Alfvénic
disturbances one sees a change in the field direction if one moves along
the average field direction. Parker (1963) discussed the reflection and
transmission properties of sharp bends in the field. If an isotropic particle
flux is incident on a discontinuity where the field magnitude increases (B2 >
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B1), the net transmission is simply B1/Bg. A similar result is obtained from
conservation of the first adiabatic invariant in a continuous increase in field
magnitude; in any case particles arriving with sufficiently large pitch angles
will be reflected. Webb and Quenby (1974) show by trajectory calculations
that field line kinks with no change in magnitude also exhibit reflection
properties (of the order of 5% for 45° angle between the directions of the
fields on both sides). One can therefore produce a random walk of particles
back and forth along a multidiscontinuous field configuration. This effect
of non-resonant interaction at large scale structures is complimentary to the
small-angle resonant scattering (see below).

Micro—Scale Structures

Here we deal with time scales between 1 hour and 30 seconds (Burlaga,
1969a). An early result was the so—called “filamentary structure” of the IMF
based on the observations of short time periods where field bundles of one
direction were embedded in a field region of diflferent direction (Ness et al.,
1966). The observed field aligned streaming of solar cosmic rays suggested
the streaming of particles along field line filaments extending from sun
to earth, with little or no coupling between the streaming in adjacent
bundles (McCracken and Ness, 1966).

The discontinuous nature of the interplanetary field was confirmed
later by an extended analyzis (Burlaga, 1969 a, 1969 b), but the concept of
an aggregate of filaments was replaced by an ensemble of discontinuities
themselves. On the average they are separated by æ0.01 AU, correspond-
ing to the average occurence of about 1 per hour. The distribution of time
intervals between successive DCs resembles a Poisson distribution. There
has been a long discussion on the nature of the discontinuities, tangential
vs. rotational (see Burlaga, 1971; Smith, 1973; Fisk and Sari, 1973). Fol-
lowing the original definition of Burlaga (1969a), namely a change in the
field direction by more than 30° between two consecutive measurements
separated by 30 sec, Burlaga (1971b) has shown that the majority of dis—
continuities defined in this way are in fact tangential. On the other hand,
Smith (1973) has established the existence of rotational discontinuities and
found 44 RDs in 40 days of data. This number is a lower limit: the selection
criterion required a subset of discontinuities which were relatively thick.

Martin et al. (1973) have studied abrupt changes in the interplanetary
plasma velocity and magnetic field from 19 days’ Pioneer 6 data. They show
that these changes are predominantly Alfvénic in big/J-velocity streams, but
that the majority of abrupt changes are not Alfvénic in a low—velocity solar
wind. The period studied by Burlaga (1971 b) which was characterized by
the large relative abundance of TDs (see above) was a low-speed region
with a low occurrence rate for Alfvénic changes.
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There are fundamental differences between rotational and tangential
discontinuities (RDs and TDs). Most important for us is that in contrast to
the RDs which can be visualized as sharp bends in the field, there is no
field component normal to the discontinuity surface for TDs, which means
that the magnetic fields on both sides of the surface are not connected.
Cosmic ray particles with Larmor radii „mal! compared to the average dis-
tance between TDs (which applies to protons below a few hundred MeV)
will in general not meet the discontinuity surfaces, unless they are transport—
ed across the average field by drift and perpendicular diffusion. These
effects are however small over the distances involved here. Therefore, for
the problem of cosmic-ray transport, the question how many discontinuities
are tangential or rotational is crucial. This problem is not yet fully resolved,
partly because of the difficulty of proper identification (see Burlaga, 1971;
Smith, 1973).

Spectral Representation

So far we have discussed individual IMF structures in some detail. A
method in which the nature of the field fluctuations is disregarded and the
total variance of the fluctuations is split up into contributions from various
frequency intervals is the power spectral analyzis. Power spectra were
discussed e.g. by Jokipii and Coleman (1968); Sari and Ness (1969). In
this representation, the difference between quiet and disturbed interplane-
tary conditions shows up as an order of magnitude difference in the spectral
power. Over certain intervals, the spectra can well be represented by power
lawsf‘q With q between 1.5 and 2.0 in the frequency interval 10'4 . . . 10—1
Hz. Since to first order the fluctuations are frozen into the solar wind
plasma (the Alfvén speed can be neglected in comparison with the bulk
speed) it is possible to convert the measured frequency spectra to wave-
number spectra in the radial direction.

jokipii (1966) describes cosmic ray propagation in a weakly turbulent
field configuration, namely an average field with superimposed small
fluctuations. The elementary process is one of small changes in pitch angle;
pitch angle diffusion is described by a Fokker-Planck equation, and the
pitch angle diffusion coefficient is related to the magnetic field spectral
power at that wave number which is in resonance with the particle spiral
motion along the field. For small anisotropies in the pitch angle distribu-
tion, spatial diffusion along the average field results. Apart from a numerical
factor of the order 1, one obtains for the mean free path Â" along the average
field (see Jokipii, 1971; Wibberenz, 1973, for details):

N P2
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where the spectral power f(/è) has to be taken at the “resonance” wave
number Æ: = .Q/vzß/P. Here P=magnetic rigidity, v=velocity, Q = gyra—
tion frequency of the energetic particles under consideration, B = (average)
magnetic field strength.

In case of a pure power law, f(k)~,é‘q~Pq wo obtain the important
result

The formalism has been extended (Jokipii, 1971, 1972; Hasselmann
and Wibberenz, 1968) and applied to a number of cosmic ray propagation
problems. We shall summarize some of the results in section 3.

An important modification came from the idea of Sari and Ness (1969)
that tangential discontinuities contribute to the power spectrum above a
certain wave number, but do not scatter cosmic ray particles below a cer-
tain rigidity (see discussion above). Sari (1972) has developed a method to
subtract the discontinuities from the spectrum and to derive the cosmic
ray diflusion coefficient from the fluctuations between discontinuities only.
These results are further discussed by Fisk and Sari (1973) and Lanzerotti
et a]. (1973). It should be pointed out again, that Eqs. (1) and (2) and the
remarks in the last paragraphs are the results of an approximation to the
particle motion in turbulent magnetic field which has been questioned (see
section 4).

Temporal and Longitudinal Variations

From a subset of magnetic field data it had been concluded (Hedgecock
et 41., 1972) that there are no significant changes in the spectral power
level with the solar cycle. However, a careful analyzis of a large amount
of data by Hedgecock (1974) has revealed that with increased solar activity
the power in the transverse field fluctuations also increases, mainly at
frequencies less than 10’5 Hz. The relevance for cosmic-ray modulation
in the neutron monitor range is extensively discussed by Hedgecock (1974).

On a day-to-day basis the variation is much larger.
It should be noted that on the scale below 1 hour, the magnetic field

for some periods does not at all look turbulent, but may be very smooth
on both sides of a tangential discontinuity. These are the so-called “quiet”
interplanetary conditions. Sari (1972) has shown that in this case the
total IMF power spectrum for frequencies between 10—4 and 10*2 Hz is
to a large degree determined by tangential discontinuities and shows a
spectral slope close to f—2. Under “disturbed” conditions there is partic—
ular increase in the fluctuations between the discontinuities. In this case the
spectral slope is close to f—1-65.
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It is interesting to speculate whether the characteristic of an IMF
region as “quiet” or “disturbed” is a local property of the field, (e.g.
connected with local plasma instabilities) or whether it extends all the way
along a certain field line bundle, back to the Sun and further out beyond
the orbit of earth.

It is obvious that cosmic rays are very suitable to distinguish between
these alternatives, because their propagation characteristics are determined
by the integral effects of disturbances along the magnetic field between
source and observer. The sector pattern of the interplanetary magnetic
field and the high-speed streams within the sectors seem to form the main
basis for ordering the degree of disturbance of the IMF.

An oversimplified View (see Burlaga, 1972; Martin et al., 1973, for de-
tails) suggests the following pattern. The leading edge of a high—speed
stream has the highest degree of disturbance; at present the nature of the
disturbances is difficult to interpret. The high-speed stream itself is domin-
ated by large-amplitude Alfvénic changes down to scales of about 1 minute.
The amplitude of the waves decreases on the trailing edge of the high-
speed stream. The subsequent low-velocity region is magnetically very
quiet and possibly dominated by tangential discontinuities. This region is
most probably a candidate for the “scatter-free” propagation (see below).
As far as the Alfvén waves are concerned, their pattern with respect to
the high-speed streams is predicted theoretically by Richter (1974) who
studies the propagation of Alfvén waves of solar origin in an azimuthally—
dependent solar wind. Waves of the largest amplitude occur in the stream-
stream interaction region. So this is partly a local effect, and the high level
of disturbance will not extend all the way back to the sun. 80 we can in
principle still have relatively fast propagation of solar cosmic rays in spite
of a high local level of the IMF fluctuations. This would be one possibility
for the poor correlation between the locally observed IMF power spectrum
and the propagation of solar cosmic rays (see Webb et 41., 1973, and the
discussion in section 3).

It should be pointed out that we will not dicuss in this paper the rela-
tion of interplanetary shocks to cosmic-ray propagation.

3. Resuli: of the Dz'flmz'on Made!

3.1 The Model and Its Parameters

As discussed in the introduction, the diffusion model was based on a
phenomenological approach before interplanetary magnetic field measure—
ments had been performed. According to Parker (1965) cosmic ray trans-
port is due to diffusion, convection, and adiabatic deceleration. The particle
differential density U(T, r, z‘) as a function of kinetic energy T, radial
distance r from the sun and time 2‘ satisfies the equation
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The cosmic ray streaming is given by

XII

(for details see Axford, 1972; Jokipii and Parker, 1970). Here K„ is the
diffusion coefficient parallel to the average magnetic field, V the solar
wind velocity, B0 the unit vector in magnetic field direction, pointing

outwards from the Sun, C 21— ÎËÜ Fa]: (ocTU) the Compton—Getting

factor with oc=(T+2/72062)/(T+7l206‘2), Mgr—rest mass of particles.
Eqs. (3) and (4) have been simplified as compared to the general ex—

pression by considering only particle diffusion along the magnetic field,

resulting in the diffusive flux KH g2 in the direction of the field B0, With
XII

x" the spatial coordinate along the field (positive for increasing distance
from the sun). If the large—scale magnetic field configuration is known, it is
possible to relate x" along the field to the radial distance r from the sun.
This means that alternately we can replace Eq. (3) by

.—

Œ_ 1 a
Krrz

BU
a: r2 ôr

)—VvU—CUvV on
7’

in a spherically symmetric problem or if in a problem with azimuthal
gradients we are only interested in the density distribution along a field
line bundle.

Here KT=K„ 103230 with y) the spiral angle between the magnetic
field direction and the radius vector from the Sun. Neglect of diffusion
perpendicular to the field is justified by a number of observations for solar
cosmic rays (see Nolte and Roelof (1973a), Reinhard and Wibberenz
(1974a), McKibben (1973), for discussion). The treatment of the diurnal
variation of galactic cosmic rays by Subramanian (1971) shows that in gen-
eral we also have Ki/KH <1 in the range of several GeV.

The essential unknown parameter which determines the solution of Eq.
(3) for given boundary conditions is the diffusion coefficient K„ which
will in general depend on the particle properties, on the time of observation,
and on the location in space.
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a) Ordering in terms of particle properties is considerably simplified
by the fact that K”/12 (v =particle velocity) is the same for particles of the
same gyro-radius, so that the mean free path Â" =3 K"/0 only depends on
rigidity P (see also Eq. (2)).

b) We distinguish long— and short-term time variations. For the 11-
year galactic cosmic ray variation one takes energy spectra U(T) represen-
tating averages for a certain phase in the solar cycle. A comparison is made
with spherically symmetric solutions of Eq. (3a) for suitable choices of
K70"). For the propagation of solar cosmic rays one has to take azimuthal
variations into account by specifying Ä„(x„‚qß), With (fi the solar longitude
of the root of a field line bundle, close to the sun, and x” the distance along
this field configuration. For the radial dependence one parametrizes the
form of Mr), e. g. by a power law Â(r)=ÂE(r/rE)n, With ÂE the “local”
mean free path at r=rE =1 AU.

This smooth dependence is in some cases supplemented by an abrupt
change in the mean free path at some outer distance R.

In galactic cosmic ray modulation studies, R has been called the “size
of the modulation region”; in solar cosmic ray events, R has been called
a “free escape boundary”. We take the viewpoint here that if we average
conditions over time constants large compared with a solar rotation, both
determinations of R from totally different sets of observations — solar
and galactic cosmic rays —— should finally lead to the same value of R.
The introduction of R is a mathematical idealization for a physical situation
where over a certain spatial distance the mean free path increases consider—
ably, so that scattering effects become negligibly small for r212: no solar
cosmic rays are scattered back into the inner solar system once they have
reached R, and the galactic cosmic ray intensity begins to decrease only
if one enters the modulation region r g R.

We see the great importance of the theoretical approaches from which
the local value ÂE and the radial dependence might finally be obtained
via the IMF properties. If it should turn out that in a certain rigidity
range the particle scattering is mainly determined by Alfvén waves the
theoretical studies on the propagation of Alfvén waves will supply
an answer. Jokipii (1972) obtains lr(r)=const in a special propagation
model for Alfvén waves where all wave vectors are parallel to the magnetic
field. This is in contrast to results of the WKB—approximation (see Völk
et al., 1974), so it will need modification. Völk et al. (1974) show that in an
axially symmetric interplanetary medium the power at a distance of 1 AU
from the sun is concentrated in wave vectors pointing radially away from
the sun. This leads to Ä‚(r) ~r3 for large distances from the sun. However,
the experimental results on Alfvén waves (Belcher and Davis, 1971) do
not agree with the large radial asymmetry of the k—vector-distribution.
As shown by Richter (1974) the amplitude and the refraction of Alfvén
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waves depend on the location with respect to the high speed solar Wind
streams. Both the amplitude and the wave vector distribution determine
the value of the mean free path Â in a way which is not yet totally clear.
In the subsequent sections we shall concentrate on the results derived
experimentally by fits of cosmic-ray observations to the diffusion-convec-
tion model.

3.2 Solar Cosmic Ray Events: General

One of the reasons for the succesful use of the diffusion model for the
description of solar cosmic ray events was the observation that many
events “look diffusive”, i. e. they show a relatively smooth time-intensity
profile with a fast increase to a well defined intensity maximum and a sub-
sequent slower decrease. These profiles could be explained by a delta-
function injection of particles close to the time of the Ha— or X—ray maximum
of the original flare and a random walk of particles in space with a mean
free path typically in the range 0.02... 0.10 AU (see Krimigis, 1965;
Burlaga, 1967). In this early work the diffusion model was used to describe
adequately the intensity-time profile of solar events, and in estimating the
mean free paths simple assumptions were made:
the radial dependence is a simple power law, l(r)~r”;

convective effects, i. e. the last two terms in Eq. (3), are neglected;
propagation effects close to the sun are neglected.

This situation changed when the observations were extended to lower
energies and when simultaneous intensity and anisotropy measurements
throughout large parts of solar events became available. The anisotropy
measurements on board Pioneers 6—9 and Explorers 34 and 41 (see
McCracken et al., 1967, 1971; Rao et 41., 1971) showed that both diffusion
and convection play an important role in the later phases of the events.
Theoretical interpretations of the results in terms of the diffusion—convec-
tion model have been attempted by Rao et al. (1971), Ng and Gleeson
(1971). The negligible perpendicular diffusion is inherent in the interpre—
tation. The anisotropy vector â is related to the streaming S in Eq. (4) by
ö =3 S/vU, and can thus be written as a sum of a convective and diffusive
anisotropy,

ô = ôc + 5d (5)

with

1 EU

ll
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EXPLORER 34
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Fig. 3. The hourly anisotropy vector diagram for the flare event of November 18,
1968. The direction of the magnetic field at approximately 6 hour intervals, is

also indicated in the figure with an arrow. (After Allum sf al, 1974)

Let us summarize the main features of various phases in a longlasting
solar event following Allum er al. (1974). Fig. 3 shows the hourly aniso-
tropy vector diagram and the characteristic three phases for 0.7—7.6 MeV
protons during the 18 Nov 1968 solar event.

a) In the fini phase the anisotropy is fieldualigned, (36€ öd. DiHusiün
dominates, â is approximately parallel to B. It is noteworthy that this also
holds if the field deviates largely from the nominal spiral direction, e.g.
during one of the long lasting “kinks” discussed in relation with Fig. 2.
The cosmic-ray density is decreasing towards the sun, 3U] 3x” <0.

b) In the reread pliers (radial anisotropy), Ôdæ 0. The direction of ô
is insensitive to the momentary field direction, the measured anisotropy
amplitude as an average over 5 solar events is 9.8 j; 1.0%, which compares
reasonably well with the expected theoretical value (5.; 212.4% (for mean
particle speed 2:20.063 c, V2390 km/sec, C22). These results imply
that the density gradient ôU/ôx“ is small or close to zero in this phase
and that the radial anisotropy is the result of convection alone.
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c) In the tbirdp/Jnxe (easterly anisotropy) the anisotropy is directed from
the direction 38.7 $2.40 E. The anisotropy amplitude varies between
0.50/O and 30% as the magnetic azimuth changes from 360° to 250°, but it
is very remarkable that the anisotropy direction, which is normal to the mean
spiral magnetic field direction, is invariant over a wide range of particle
speed (0.06 S ‚6 g 0.56) and also independent of the momentary local magnetic
field azimuth. In this phase both öc and âd contribute to the total anisotropy
ô. A positive density gradient (which is explained by the convective
expulsion of the cosmic-ray population due to convection with the solar
wind) leads to a diffusive streaming of particles back towards the sun which
combines with the radial convective streaming to the easterly anisotropy.
Though the general pattern of the anisotropy behaviour (field-aligned,
radial, easterly) is qualitatively accounted for by the diffusion-convection
model, the invariance of the anisotropy direction in the easterly phase
is not predicted by contemporary theories (see Allum et 41., 1974). The
authors point out that the last easterly phase is only seen in the late phase
of large solar particle events. “Late” can mean up to 10 days after the flare,
from which we conclude that i) one needs a large event to see residual
particle fluxes after such a long time, ii) no subsequent large particle events
must disturb the pattern, and iii) the mean free path in interplanetary space
has to be sufficiently small to keep the particles within the solar cavity
for sufficiently long time.

So the observations just discussed clearly discern one pattern of solar
cosmic ray events; but due to varying solar and interplanetary conditions
there are also other event structures observed as we shall see below.

We shall split up the discussion of solar cosmic—ray events into the initial
phase (until slightly beyond the intensity maximum) and the decay phase.
The reason is, that to good approximation the initial phase is deter—
mined by the distribution of scattering mean free paths between the sun
and the observer, the decay phase by the behaviour of Â beyond the
observer.

3.3 Solar Cosmic Ray Events: Initial Phase

Let us start the discussion with the results of Lupton and Stone (1973).
Though their model contains diffusion perpendicular to the average mag-
netic field (Kfi: O), their solutions which are separable in radius and azi-
muth are not strongly influenced by Ki for flares on the western hemisphere
on the sun. They have used a model where Kr =const up to a free escape
boundary at r = L. The results for two solar particle events on the Western
solar hemisphere, converted to a mean free path as a function of rigidity,
are contained in Fig. 4 together with a number of other data. Ä, is slightly
decreasing as a function of rigidity, a typical value is 0.03 AU.
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Fig. 4. Determination of the cosmic—ray scattering mean free path ÂT from the
time-to-maximum-intensity im for individual solar events, in comparison with

theoretical estimates from magnetic field power spectra

Lupton and Stone (1973), by fitting the whole measured event profile
have shown that the assumption ôKT/ôrzo allows to fit both the initial
and the decay phase of events, in contrast to e.g. Kr(r)~r. In estimates
of the mean free path from solar event profiles we shall use this assumption
K, = const for r 5L from now on. It allows simple estimates of Kr from
the observed time of maximum intensity. At least one can use diffusion
coefficients derived in this way as a measure of the average scattering con-
ditions between sun and earth, keeping in mind that deviations in the
Jam! mean free path can arise should the radial dependence deviate greatly
from Â = const.

Before continuing let us estimate the importance of convective effects.
From the last term in Eq. (3) we get —(2 CV/r)U =—U/ Tact with a time
constant Tad characterizing the influence of adiabatic energy changes.
For power law energy spectra with slopes between ——2 and —3 we obtain
Tm of the order of one day. So we should be able to neglect convection
in the solutions of Eq. (3a) for times up to about 10 hours following the
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injection at the sun. This means one should get a reasonable estimate for
K,— from the time im to maximum intensity in this case. For delta-function
injection, the solution of (3a) with only the diffusive term on the r. h.s
gives tm=r2/6 K, or with Kr=flcilr/3 we simply obtain Är=r2/2 ßctm.
We summarize in Fig. 4 a few of the results for Ä, as a function of rigidity
based on this method. Wibberenz et al. (1970) have summarized data from
solar proton events on the Western hemisphere on the sun, Lanzerotti
et al. (1973) data from solar electron events around 1 MeV. The z‘m-values
given by Datlowe (1971) from relativistic electrons have been converted
to lr-values by the same method.

In these estimates of Â, delays or finite injection periods occuring close
to the sun have been neglected. Therefore, in Fig. 4 only Western hemi-
sphere solar events have been included. However, there is evidence mean-
while that :olar propagation effects may also play a role in solar events on
the Western solar disk (Simnett, 1972; Reinhard and Wibberenz, 1974a).
We have included in Fig. 4 results by Reinhard and Wibberenz (1974a).
They have analyzed the velocity dispersion and the onset times of 45 solar
proton events in the range 10—60 MeV and found that a velocity inde-
pendent delay time (which is attributed to a drift process in the solar corona)
has to be subtracted from the time to maximum intensity 1m, before one
can estimate the interplanetary propagation effects. From this study, one
obtains an average mean free path of the order of 7., =O.1 AU in the ri-
gidity range 140—340 MV (see Fig. 4).

For comparison the mean free path as derived from measured IMF
spectra according to the resonance scattering formalism (Jokipii, 1966,
Hasselmann and Wibberenz, 1968) is plotted in Fig. 4 after Jokipii and Cole-
man (1968); Wibberenz et al. (1970). The difference between the solar
event data and the magnetic field derived data, when the full spectral
power is inserted, has been observed and discussed earlier (see Wibberenz
et 41., 1970; Quenby and Sear, 1971b; Wibberenz, 1973). This disagree—
ment becomes more pronounced at lower rigidities. In section 2 we
mentioned the necessity to subtract that part of the power spectrum which
is due to tangential discontinuities (Sari and Ness, 1969). Also included in
Fig. 4 are results based on Sari (1972). We discuss one application of his
results following Lanzerotti et al. (1973).

Sari (1972) has calculated daily interplanetary power spectra from Pio-
neer 6 IMF measurements during four solar rotations, for the total field
variations as well as from considering only the field variations between
the discontinuities. He used these “between spectra” to estimate the cosmic-
ray diffusion coefficient for 50 and 70 MeV protons. 90% of all the diffu-
sion coefficients fall into the range indicated in Fig. 4 by the hatched area
in the rigidity interval slightly below 400 MV. The lower value corresponds
to disturbed interplanetary conditions, where the spectral slope of the
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“between spectrum” is auf—1.65 up to frequencies of 10“2 Hz. According
to Eq. (2) this allows to extrapolate the mean free path with an ~P0-35
dependence down to rigidities in the MV range.

The upper value around 0.1 AU at æ400 MV corresponds to quiet
interplanetary conditions. Here the extrapolation to lower rigidities is
less straightforward (see Lanzerotti et al., 1973, for more details). The
Â == const curve should be taken as a lower limit of the mean free path under
quiet conditions, since it is not clear which part of the spectrum in this
range is due to tangential discontinuities. The overall agreement between
solar event and IMF spectra derived points looks quite satisfactory. How-
ever, we have outlined the range of variation of mean free paths, but in
view of the large variations, one certainly requires a comparison of data
where the magnetic field power spectrum is analyzed at the ram: time when
the solar event is observed. It has been shown that periods exist where
the magnetic field is quiet for a long time and the solar cosmic ray propaga-
tion is indeed very fast (Wibberenz, 1971; Wibberenz et al., 1973). The
reverse is not necessarily true. A systematic study has been undertaken
by Webb at al. (1973) and gives further insight into the nature of the fluctua-
tions and the possible radial dependence. They have analyzed interplanetary
magnetic field and plasma data during the time of three solar events and
base numerical solutions of the full transport equation on estimates of the
local mean free path as derived from the magnetic field data combined with
various radial dependences Mr). Under the assumption Â, =const the
time to maximum rm for 1—13 MeV protons would result in Är =0.03 AU
for the 24 January 1969 event, Â,- = 0.054 AU for the 17 March 1969 event.
These figures are based on full solutions of the transport equation including
convection. However, mean free paths calculated from the power spectra
measured at the same time via the resonant-scatter theory (Jokipii, 1966)
come out about a factor of 70 smaller. This could be reconciled with the
solar proton data only if one assumes a r‘3-dependence of the mean free
path between sun and earth. Even if one argues that part of the large power
might be produced locally, namely in the turbulent interaction region in
front of a high speed plasma stream, the required r*3 dependence seems
rather unlikely. No attempt has been made in the estimate by Webb et al.
(1973) to subtract discontinuities from the spectrum. It seems doubtful
anyhow whether removal of large discontinuities can remove the dis-
crepancy, because the data (Sari, 1972; Fisk and Sari, 1973) do not support
the view that in this frequency domain the contribution from discontinuities
can amount up to 90% under disturbed conditions.

Webb et al. (1973) have also explored the diametrically opposite possib-
ility, in extension of an earlier suggestion by Quenby and Sear (1971),
namely that all magnetic power is in discontinuous changes in [B] along
the flux tube of propagation (rotational discontinuities); in this case the
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results look more reasonable, but even here the local value of Âr is probably
underestimated.

The individual data points in Fig. 4 were based on the assumption of
negligible solar propagation effects. In the rigidity range æ 130—300 MV
the average mean free path has been lifted to about if = 0.1 AU according
to the subtraction of coronal propagation effects (Reinhard and Wibbe-
renz, 1974a). It is very probable, that part of the variation in the other
data points in Fig. 4 is also due to coronal transport processes. Simnett
(1974) in his review on relativistic electron events discusses various classes
of events and presents evidence for the delayed release of electrons from the
sun.

Long—lasting large anisotropies in solar events also called for finite
solar injection processes (e. g. McCracken et al., 1967). Palmer et al. (1974)
discuss the solar event of 20 April 1971, in which the anisotropy for 21——
60 MeV protons remained large and field-aligned well into the decay phase.
A Monte Carlo simulation of the propagation led to a mean free path along
the field of 1.6 AU; the results could not be reconciled with impulsive
solar injection.

Another instructive example for the long-lasting 18 November 1968
event is discussed by Schulze et al. (1974). They show that the size of the
anisotropy for 21—60 MeV protons for the first day after the solar flare
is not consistent with a delta-function solar injection. A fit to both the
intensity and anisotropy profile was obtained by a finite injection period of
10 hours and a value of the mean free path Âr =0.15 AU for 21—60 MeV
protons.

The position that in many instances the observed time structures of
solar events are almost exclusively determined by solar injection processes
has been strongly advocated by Roelof (1973). In this picture, >0.3 MeV
protons propagate without any scattering in the inner solar system. It
should be noted that there are indeed quite a few solar proton events
where after subtraction of coronal propagation effects the remaining
interplanetary propagation time is very small. Fig. 8 in Reinhard and
Wibberenz (1974a) shows datapoints where the “average interplanetary
travel distance 6‘2” is only aim æ2 AU, which is close to the condition
of scatter-free propagation. The so-called “scatter-free” propagation was
first noted for solar electrons in the >40 keV energy range (Lin, 1970).
For the large amount of observational data on non-relativistic electrons
the reader is referred to the review by Lin (1974). He has also summarized
values for the diffusion coefficient for electron events. They span the range
from ælO21 cmzsec—1 for “diffusive” events to æ1024 cmzseC‘1 for highly
“scatter—free” events. This corresponds to a range of mean free paths
between 0.02 AU and >1 AU in the rigidity range below 1 MV (left of the
scale in Fig. 4). Lin (1974) discusses the scatter-free electron events in
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terms of the possibly very low power at high frequencies or, alternately,
in terms of a spectral slope 22 of the magnetic field spectrum at high
frequencies (see Earl, 1974). If the f—Z-dependence of the IMF power
spectrum in the frequency range 0.1—1 Hz under quiet conditions (see
Childers and Russell, 1972) is due to tangential discontinuities only, the
scatter-free propagation is easily explained because the electrons with their
very small Larmor radii will not meet these disturbances (see the discussion
in Section 2).

3.4 Solar Cosmic Ray Events: Decay Phase

It has often been observed that the decay of solar cosmic ray events is
exponential at late times, and theoretical explanations have been given in
terms of a “free escape boundary” (see section 3.1) which would have to be
located between 2 and 3 AU (Burlaga, 1967; Forman, 1971; Lupton and
Stone, 1973). Ng and Gleeson (1971) have shown that for sufficiently
small diffusion coefficient the convective effects lead to a decay phase which
is hardly distinguishable from an exponential. This limit is at about 1020
cmz/sec at r=1 AU (Gleeson, private communication). For this value of
the d. c. the local transport would be almost totally convective. It is inter-
esting to compare this value with an estimate by Allum ez‘ al. (1974). Based
on a specific model for the late easterly anisotropy, they get an indirect
information on the radial density gradient from a correlation between the
decay time and the magnetic field azimuth of the order of 1000%/AU for
0.7—7.6 MeV protons. Combined with the measured anisotropy this allows
to estimate the parallel diffusion coefficient to Kll æ1.3 .1020 cmzseC‘1
(Â, æ0.007 AU at P=56 MV). The above explanation of exponentially
observed decay phases by a low value of the d. c. looks rather attractive,
because the observations out to the orbit of Jupiter (see section 2) did
no! indicate a change in the disturbance level of the IMF around 2—3 AU
as would be demanded by the existence of a sharp or gradual change of the
cosmic-ray d. c. in this region of space. Also, the small value of K would
be consistent with the long delay between the flare and the maximum
intensity for the long lasting events under study. Note however that the
above considerations are based on a propagation model with burst-like
injection at the sun; long lasting solar injection can modify the time to
maximum of an event as well as the decay phase. The influence of expo-
nentially decaying solar injection profiles (Reinhard and Roelof, 1973;
Reinhard and Wibberenz, 1974b) is presently being studied. As mentioned
already, Palmer et al. (1974) discussed the solar event of 20 April 1971,
in which the injection of particles at the sun probably decayed with a e—
folding time of 7 hours and in which a Monte Carlo simulation of the pro-
pagation led to a mean free path along the field of 1.6 AU.
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We had discussed examples for a large variability in the propagation
conditions for solar events and turn now to some results from galactic
cosmic rays, which should give indications for conditions averaged over
longer time periods.

3.5 Galactic Cosmic Rays: Long Term Modulation

Let us start by noting that the cosmic-ray streaming in the several
GeV range, as typical for neutron monitor energies, can be visualized in a
similar way as discussed for lower energy solar cosmic rays and described
by Eq. (4). This is the basis for the explanation of the normal diurnal va-
riation as seen from the earth (see Subramanian, 1971, for discussion).
Hashim at al. (1972) point out that also for the enhanced diurnal variation
(which characterizes disturbed interplanetary conditions) and for large
non-equilibrium anisotropies during various phases of Forbush decreases
the cosmic-ray streaming can be described as a sum of the radial convective
streaming away from the sun and diffusive streaming parallel to the di-
rection of the momentary interplanetary magnetic field.

It is one result of the studies of the galactic cosmic ray diurnal variation
that under undisturbed conditions the radial component of the streaming
S is zero. Applying this to Eq. (4) for spherical symmetry we obtain

8U
7'

Gleeson and Axford (1968) have provided a theoretical basis for the
vanishing radial streaming, the so-called force-field approximation, which
can be used to describe the long-term modulation of galactic cosmic rays
for kinetic energy >150 MeV (see Gleeson and Urch, 1973). In this range,
the results obtained from Eq. (7) are to a very good approximation similar
to the results of the full transport equation (3 a). Many studies of the 11
year modulation have been performed, using either full solutions of Eq.
(3a) or the force-field approximation (7) (see Gleeson, 1973, for details).

Full solution of the problem in this spherically symmetric form requires,
a) the specification of the galactic cosmic ray spectra outside the boundary
R of the modulation region (the local interstellar spectra), b) the specifi-
cation of the function 316/22 = A,(P, r, t) in its dependence on particle
rigidity P, location r within the modulation region, and phase t in the 11
year solar cycle. Important tools in these studies have been, 1. estimates of
the local interstellar electron spectrum from radio observations of the
galactic synchrotron emission, 2. the requirement that the modulation for
electrons, protons, and Helium nuclei for a given time period t has to be
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described by the one unique function Är(P, r), which for given solar wind
speed and boundary conditions determines the solution of the transport
equation.

In the discussion of results we follow the presentation by Gleeson and
Urch (1973) which is particularly useful for comparison with the results in
sections 3.3 and 3.4. If the diffusion coefficient is separable in the form
K(P, r) = ,6K1(r) K2(P), or, to relate it to our previous notation

3MP, r) = 7 K10) K2(1’) (8)

the total modulation for r S R can be described by the “modulation para-
meter” (D, which is independent of rigidity, as

R
__ V(r’) ‚am) _S

3K1(r')
dr (9)

r

Taking the solar wind velocity as constant, we can relate the local mean
free path Â,(P, rE) to the modulation parameter by

R

ÂE E 17(1), 7E) = l:— :32) K1(rE) S KÎÉI") (10)

Here the rigidity dependence of the mean free path is contained in the
term K2(P). Similar to the situation in solar cosmic rays, the local mean
free path ÂE is determined only if the form of the radial dependence K1(r')
is known. However, it is a characteristicum of the force—field approximation,
as expressed in Eq. (9) or (10), that the total amount of modulation only
depends on the “total number of mean free paths” f dr’/K1(r’), not on the
distribution within the modulation region. One way to describe the scat-
tering properties of the region beyond the orbit of earth is then to arti-
ficially assume that K1(r')=const=Ko for rE sr’ gReu and to define
Ren?

as.l2
an “effective size of the modulation region” by letting (Reg—r5)”

K0 = j dr’/K1(r’). With this definition we obtain
"E

ÂE ._V_ _]_<_2_ (10a)
6 (DRen -- TE
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Fig. 5. Functions [Cg/€25 for 1965 and 1969 as obtained by Gleeson and Urch (1973).
Note that this function is proportional to the mean free path .17- under the assump-

tion of separability (see Eqs. (8) and (10a) in the text)

The ratio Kg/QD (both quantities have the dimension of rigidity) has been
determined by Gleeson and Urch (1973) from the demodulation of electrons
for two periods in the solar cycle and is reproduced in Fig. 5. V]: with V:
solar wind speed is of order 10—3, [Cg/(Z5 is of order 1. (Fig. 5) and we see
that we need about 103 mean free paths between the earth and the outer
boundary in order to explain the galactic cosmic ray modulation. If at
P2100 MV we take 2320.1 AU as a representative value from Fig. 4,
we get an effective size of the modulation region of Ren as 100 AU. Of
course one of many other alternate solutions if K10“) depends strongly on
r’ might by a ”diffusive shell” somewhere beyond the earth, extending say
between 5 and 10 AU where the mean free path then would be as small as
0.005 AU.

It should be noted that implicit in the assumption of separability of the
d. c. in the form of Eq. (8) is also the fact that R or Re“ does as: depend on
particle rigidity. As a result of this assumption the shape of the K2I®~
curves in Fig. 5 is the same as the functional dependence of the mean free
path on rigidity. The “1968” curve which is close to solar maximum condi—
tions shows a constant mean free path below about 300 MV; this agrees
rather well with the tendency of solar event derived data in Fig. 4. The small
solar cycle variation at the lowest rigidity range in Fig. 5 reflects the small
change in the electron modulation at low rigidities (see e.g. Leznialt and
Webber, 1971). The transition rigidity to a steeper dependence of the mean
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free path on rigidity increases with increasing solar activity; this is inherent
to most fits of the long term galactic cosmic ray modulation by the diffusion-
convection model (see Garrard et 41., 1973, for a summary of theoretical
fits for the time periods between 1965 and 1970 by various authors).

3.6 Galactic Cosmic Rays: Radial Gradients

The experimental results had been conflicting for some time (see O’Gal-
lagher, 1972), and theoretical calculations had allowed a wide range of
alternative predictions (see Urch and Gleeson, 1972 b). Meanwhile the situ-
ation has changed somewhat: all recent results agree in the sense that the
gradients are “small”. Webber and Lezniak (1973) point out various pos-
sibilities to obtain a small gradient theoretically. We will only discuss here
the case of negligible radial streaming (Eq. (10)), when the gradient is

directly related to the diffusion coefficient by G, E Îlj- 28g— == CV/Kr.
r

Webber et al. (1973) report gradient measurements for electrons in the
energy range 2 to 8 MeV. The comparison of Pioneer 8 and IMP-4 gives a
gradient of +25 i 20% between 1.0 and 1.1 AU for the first half of 1968;
the Pioneer 9/IMP-4 comparison between 0.75 and 1.00 AU gives a radial
gradient of 3 i 5%/AU in January-February 1969. So the gradients might
be even consistent with zero. Webber et al. (1973) conclude that in the
limit where 6,20, a gradient 5100/0/AU would correspond to a scatter-
ing mean free path 2,2005 AU (see Fig. 4 for comparison).

Gradient measurements for protons and Helium nuclei on Pioneers
8 and 9 in 1968/1969 are discussed by Webber and Lezniak (1973). Direct
implications on the local do are difficult to obtain. Taking only the result
for the 800—1200 MeV differential proton channel, where C is close to 1,
we obtain from the 20 i12%/AU reported gradient a range of mean free
paths of 27:0.013 . . . 0.052 AU for a rigidity around 1.5 GV.

Pioneer 10 measurements on the way out to Jupiter have led to gradient
results from three different experiments. The so-called integral gradients
refer to data from all particles above energy thresholds in the region 60. . .80
MeV/nucleon; the largest contribution to the counting rates comes from
protons in the GeV-range. Van Allen (1972) reports a zero gradient with an
uncertainty of i 1%/AU. Teegarden et al. (1973) obtain an integral proton
gradient of 2.4 j; 0.3%/AU over the radial distance 1—2 AU. McKibben et
al. (1973) derive a preliminary value of 4.5 j: 1.0 0ß/AU over the radial
range 1—2.8 AU.

Let us take G,- = (2 j: 2)%/AU simply to get an estimate for Kr. With
6:15 and V=400 km/sec we would obtain i,=0.29{::;214} AU for
GeV protons. This is not a very definite result; the lower values are con-
sistent with the values of the mean free path derived from solar proton
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propagation (see Fig. 4); the zero gradient would correspond to locally
scatter—free propagation. The reader is referred to the various papers report-
ing radial gradient measurements (see above) for a view on the data from
which the results have been obtained and for a discussion of the difficulties
in deriving reliable values.

4. Limitation: of t/Je Diffusion Model: New Propagation Concepls

The majority of the evidence summarized in section 3 points to a
relatively large average value of the scattering mean free path. With “large”
I mean Â" æ 0.1 ——O.2 AU for rigidities below a few 100 MV, with a further
increase to higher values above some critical value PC, where Pc varies with
the solar cycle.

In the introduction we had formulated the hope for a “unified view” of
cosmic-ray propagation in the interplanetary space by using the diffusion
model and by specifying the scattering mean free path as a function of
rigidity, radial distance from the sun, and time; the time dependence should
include azimuthal variations during one solar rotation as well as long term
variations during the solar cycle.

Mathews et a]. (1971) had pointed out that the solar wind parameters
which ought to cause changes in the magnitude of the modulation (magni-
tude and spectral power of the IMF, solar wind speed) show little variation
between solar minimum and solar maximum. We mentioned in section 2
the results by Hedgecock (1974), indicating spectral changes with the solar
cycle at low frequencies. Hedgecock (1974) finds a 25% increase in the
frequency band 10—6 to 10—4 Hz, correlated with an 8% reduction in the
high-latitude neutron monitor intensity. However, the spectral changes at
higher frequencies are less pronounced. This still leaves room for the inter-
pretation of Hedgecock at a]. (1972) that the solar wind emitted from solar
latitudes in the activity belt should show larger variations with the 11 year
cycle and that plasma streams from higher latitudes might expand in such
a way that they again cross the ecliptic plane somewhere beyond 1 AU.

On the other hand, as mentioned in section 2 gradient and curvature drift
of cosmic rays in the regular large scale IMF pattern cause galactic cosmic
ray particles to reach us through high latitude regions of the solar system.
So it may still take some time, perhaps after exploration of regions OPE the
ecliptic plane, until we know w/Jere most of the galactic cosmic ray modu—
lation occurs and which solar parameters cause the necessary changes in
interplanetary conditions.

A change in the galactic cosmic ray intensity as observed close to the
earth must not necessarily be reflected in a large change of the local pro-
pagation conditions. On the other hand, the discussion in sections 2 and 3
suggests that the high degree of variability of propagation conditions for
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solar cosmic rays is at least partly ordered by the high-speed solar wind
streams. If local interplanetary conditions are at times essentially scatter-
free, this means that the time profile of a solar particle event is determined
a) by solar injection processes, and b) by the location and reflection prop-
erties of a distant barrier or a diffusive shell.

The idea of a “diffusive shell” (see Meyer et al., 1956) or of barriers for
cosmic-ray penetration with varying location and extent has regained con-
siderable attention. One such inference came from the so-called back-scatter
method. Particle anisotropy measurements during solar events showed that
in some cases it takes a very long time until the first particles are seen from
the anti-solar direction (McCracken et al., 1967). From the time delay
between the source intensity from the solar direction and the back-scattered
intensity one gets an estimate for the mean free path beyond the observer
of the order of 1 AU or larger (see also Quenby et 41., 1974).

Independent information for >O.3 MeV solar protons has been ob-
tained by Roelof and Krimigis (1973) from observations over extended time
periods. They show that these protons have a behaviour very distinct from
diffusive propagation. Most important is the observation that

“Low-energy solar charged particles can exhibitfield-aligned anisotropies
in quasi-stationary (corotating) events, even during the zero-gradient
exponential decay phase lasting several days of a flare—associated event”

(Roelof and Krimigis, 1973, p. 5376). The authors have introduced the
concept of “collimated convection” to describe the particle behaviour.
This is an idealized situation where the solar particles move scatter-free
within the inner solar system out to the inner boundary x0 of a scattering
region, which keeps the particles from moving out immediately. In the
scatter—free region, electric field drift causes the particles to stay along the
same field-line. The negligible cross-diffusion means that particle popu-
lations can be traced back along the field to the high coronal injection longi-
tude.

The theoretical explanation of afield-alignedanisotropy in case of a vanish-
ing or small spatial gradient (which in the classical diffusion picture should
lead to the radial convective anisotropy, see section 3.2) is given by Roelof
(1973) and supplies rather convincing evidence for the propagation scheme
suggested by Roelof and Krimigis (1973) for 0.3 MeV protons. It could not
be obtained from a diffusion model with a small mean free path throughout
the inner solar system. This means that under these propagation conditions
any interpretation of an intensity-time profile by diffusion will lead to
erroneous results; in this case the time profile in the onset phase and until
beyond the maximum is largely determined by solar injection processes.

There is no reason why the “inner edge of the scattering region”
should not move to within 1 AU at times; in this case one will see the con—
vective effects related with the second and third phase of very long lasting
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solar events (Allum et 41., 1974). The fact that the anisotropy data also show
low energy particle events where the anisotropy becomes very small shortly
after onset (see McCracken et 41., 1967) clearly shows the existence of
diffusive propagation; in these cases the mean free path derived from the
time profile of the intensity agrees rather well with the “back-scatter”
estimate of Â".

There is an intermediate case, when the scattering in the inner solar
system is small, but not totally negligible. Here neither the classical dif-
fusion nor the idealized collimated convection model will adequately de-
scribe the propagation. Monte Carlo studies have been tried in this case
(e. g. Palmer et 41., 1974), but it is clear that here details of the pitch angle
scattering process are important, in particular since the scattering towards
increasing pitch angle competes with the collimating effect of the diverging
IMF (see Roelof, 1969).

This brings us to the final set of questions: What is the proper equation
describing cosmic-ray propagation in (weakly or strongly) turbulent mag-
netic fields? How is the pitch angle diffusion coefficient obtained from
magnetic field properties? Under which conditions can the resulting particle
propagation be described by a spatial

diffusion
process, and how is the

diffusion coefficient obtained?
It1s not the purpose of this paper to review the theoretical attempts to

improve and supplement the quasi-linear approach (see Klimas and Sandri,
1971; Völk, 1973; Fisk et 41., 1974, for details). But since the theory in its
final form should allow to form the link between the two sets of obser—
vations (magnetic field fluctuations and cosmic—ray transport parameters)
which we treated in this review, let us close with a series of remarks.

1. One of the prerequisites for the validity of the formalism introduced
by Jokipii (1966) is the “weakness” of the interaction, i. e. the magnetic
field fluctuations have to be small, in the sense that the variation in pitch
angle during the time Tgyr of one gyration is small. This can be expressed
by demanding that ÂH/v æ Tre1> Tgyr. As discussed by Wibberenz (1973)
this condition is not fulfilled for protons around 100 MeV if the full spectral
power according to Jokipii and Coleman (1968) is inserted. On the other
hand, electrons in the MeV range and below are very good candidates for
this condition to hold (see Lanzerotti et 41., 1973). The proton example
shows the necessity to find more rigorous solutions of the pitch-angle
scattering problem for strong turbulence, and not just corrections to the
first order quasi-linear theory.

2. There seems to be general agreement (see e. g. Fisk et 41., 1974) that
quasi-linear theory provides inadequate results for the pitch angle diffusion
coefficient D„(‚u) at pitch angles close to 90° (,u=v“/v=cos<p=0); one
obtains for most types of fluctuations D„(‚u) +0 for ‚u +0 as long as ,u=l= 0.
This singular behaviour as ‚u +0 is removed if second order terms are taken
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into account (see e. g. Völk, 1973, for the resonance broadening concept).
Fisk et al. (1974) show that for a number of cases the difference between the
exact numerical value and the quasi-linear approximation for Du amounts
to a factor Lu] for ‚u +0, but ,u=l=0.

3. The spatial diffusion coefficient is obtained by a suitable averaging
procedure over all pitch angles (see Jokipii, 1966; Hasselmann and Wib-
berenz, 1970; Earl, 1973). In the integral the smallness of Du for [pl +0
causes a divergence, which for not too steep power spectra is removed by
second order corrections. However, the absolute size of KH is very difficult
to obtain because of the complicated nature of the mathematical expressions;
this is reflected e. g. in the results by Völk et al. (1974). Under the assumption
of the same form of the spectral tensor throughout space one can predict
the radial variation of KH with heliocentric distance and latitude, but its
absolute value is only determined within an order of magnitude.

So it may still take some time until we get the final answer how the
cosmic—ray transport parameters are to be determined from properties of
the magnetic field. Should the preliminary indications be confirmed, namely
that also in the final version of the theory the results depend strongly on
the full spectral power in wave vector space, it might be difficult to get the
answers from the presently available spacecraft measurements. Single
spacecraft measurements just give the spectral power as a function of the
radial component 1%,. of the full wave vector k. We need more theoretical
and experimental background on the true plasma-physical nature of the
various IMF fluctuations. Therefore, it seems quite plausible that part of
the answers will come from a continuation of cosmic—ray intensity and
anisotropy measurements with good resolution in time, angle, and energy.
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Abstract. Shock waves accelerate charged particles in the solar atmosphere,
in interplanetary space and around the Earth’s magnetosphere. Acceleration of
both electrons and protons occurs in the Earth’s bow-shock. The acceleration of
protons up to 100 keV appears to be a steady state process and may even occur
upstream from the bow shock due to waves generated by reflected solar wind
protons. The electrons, on the other hand, are known to be accelerated in or near
the shock. The intensity of these electrons ranges from ~102 to 2 >< 103 (sr cm2
sec keV)“1 at 14 keV. The energy spectrum is not a simple power low and is highly
variable. If segments of the spectra are fitted to a power low, slopes ranging from
——2 to ——4.5 result over the energy range 0.5 to 100 keV.

Key wordy: Bow Shock — Acceleration of Protons and Electrons.

Acceleration of particles by shock waves in space is known to occur in
a variety of astrophysical objects. Acceleration to relativistic energies evi-
dently takes place in the blast wave generated by a supernova explosion.
There are several lines of evidence to indicate that flare produced shock
waves in the solar atmosphere accelerate particles. (These shock waves may
also serve to trigger additional flares). The two strongest lines of evidence
for charged particle acceleration by shock waves in the solar corona are
the following:

1. It is widely accepted that type II solar radio noise emission arises
from a disturbance (shock wave) travelling outward from a large solar
flare (Wild et 41., 1963). It is often observed that such disturbances create
type III (fast—drift) radio emission over a wide altitude range (Wild, 1969).
The type III emission is believed to be due to electrons with velocities in
the range 0.2 to 0.7 times the speed of light. The interpretation is that the
shock wave (type II radio phenomenon) accelerates electrons. The electrons
in turn move away from the shock along coronal magnetic field lines in

* To Prof. G. Pfotzer in honor of his 65th birthday.



|00714||

702 K. A. Anderson

both directions. Thus, some of the type III radio bursts drift down in
frequency (upward moving electrons) and others drift upward (downward
moving electrons).

2. When solar flares are situated at large southern latitudes or at longi-
tudes far removed from 60° W, most energetic flare particles reach the
Earth only after a delay of several hours and then with a slow build-up
of intensity. However, in a few cases of flares situated well beyond the cone
of direct propagation to Earth, very rapid, short-lived particle increases
have been noted (Anderson, 1969 a). Following these increases the particle
intensity gradually built up over a period of many hours. In these cases the
flare caused strong type II radio wave emission showing that shock waves
were present. The interpretation given to these observations (Anderson,
1969a) is that the shock wave spreads out in the solar atmosphere over
tens of degrees of latitude and longitude accelerating particles as it does so.
When the shock wave crosses those coronal field lines which extend to the
Vicinity of Earth, the particles accelerated there move readily to
Earth. In the meantime the particles accelerated in the flare region are
diffusing away from their acceleration site and gradually, after many hours,
reach the field lines passing close to Earth in appreciable intensity. The
shock waves are observed to travel at speeds about 1000 km/sec so that
they require only about 8 minutes to move across 40° near the equator.

When these same shock waves leave the corona and travel through
interplanetary space, they may accelerate solar particles already present
there due to earlier flares (Lindgren, 1968; Singer and Montgomery,
1970; Palmeira et 41., 1971; Ogilvie and Arens, 1971). The observed particle
increases last only about 15 minutes and are closely associated with the
passage of the shock front. The intensity of protons of energy 0.3 to 3
MeV typically increases by a factor of 3 to 100. Since the solar particle
spectrum is very steep, energy gains of only about a factor of 3 are needed
to account for such increases. Two ideas for the observed energy gain have
been suggested:

1. Axford and Reid (1963) suppose that acceleration occurs whenever
interplanetary field lines cOnnect the shock front and the Earth’s bow
shock. This mechanism gives the required energy gain. For example,
consider protons with energy of 0.4 MeV. Their velocity is 8000 Km/sec,
about 15 times greater than a typical shock velocity near Earth. For a
proton with initial pitch angle ~30° only 3 to 10 reflections from the mov-
ing shock front are required to double or triple the kinetic energy. The
time that the necessary configuration of field lines must be maintained is
on the order of 103 seconds. At times the interplanetary field is sufficiently
quiet to meet this condition.

2. Fisk (1971) adopts a similar idea but replaces the bow shock by the
irregularities that occur throughout the interplanetary field and result in
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diffusion of solar particles. His theory gives sufficient acceleration provided
that the diffusion coefficient for ~1 MeV protons is ~1019 cm2 sec—1.
Since this is the value of diffusion coefficient implied by the observations
of the equilibrium anisotropy, the theory must be regarded as having some
observational basis.

Ogilvie and Arens give some observational examples which tend to
support the Axford-Reid idea. However, Palmeira et al. (1971) have
reported that shock associated increases of the short-lived variety occur
large distances from Earth where it is not possible for the Axford-Reid
mechanism to work.

Study of particles associated with a shock on 15 May 1972 led to some
further conclusions about shock acceleration in interplanetary space:

1. The interplanetary magnetic field was not connected to the Earth’s
bow shock from as early as 30 minutes prior to the first appearance of the
protons up to the time the shock passed over the spacecraft. It was con-
cluded that the Axford-Reid mechanism was not at work on this occasion.

2. The acceleration mechanism that acts on protons in front of the
shock also acts on electrons. However, the mechanism is energy dependent
since electrons below ~20 keV were not affected.

3. Electrons were accelerated behind the shock. Fluxes of electrons in
the energy range 0.5 to 2 keV were very great, but the fluxes then drop
rapidly with energy and above ~25 keV few electrons were present.
Evidently a separate and entirely different acceleration mechanism acts
behind the shock. This mechanism may simply be the dissipation of the
shock energy as it propagates through interplanetary space.

Particle acceleration in the Earth’s bow shock has been extensively
observed. Fan et al. (1964) reported transient increases of electrons of
energy ~30 keV and higher in the position where the Earth’s bow shock
was expected to lie. It has since been confirmed that the largest fluxes of
these electrons are encountered in or just behind the shock structure (Ander—
son, 1969b and references therein). These electrons travel along interplan-
etary field lines away from the shock where they are observed with
decreasing intensity the greater the distance from the shock. It is quite
certain that in the case of these electrons their acceleration mainly occurs in
or near the shock and not in front of the shock. It is also clear that the
acceleration of electrons above about 10 keV energy is not a steady state
process. It appears that the dissipation of shock energy is not sufficiently
great to produce a blanket of electrons that exists continuously just behind
the shock. One the other hand the acceleration of protons in or upstream
from the shock does appear to be a steady state process.

Asbridge, Bame and Strong (1968) reported that protons having
energy several times the solar wind proton energy flow outward from the
bow shock. The ion density is 1 to 10% of the incoming solar wind density
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Fig. 1. Protons and electrons from the Earth’s bow shock. The subsatellite is
about 40 RF from the bow shock to which it is convected by the interplanetary
field lines during most of the observation shown in this figure. The switching on
and ofT of the proton flux is due to the magnetic field lines making and breaking
contact with the bow shock. The protons are accelerated in a steady state process

and their total energy density may become as high as 50% of the solar wind
energy density. They conclude that part of the solar wind is accelerated
and reflected upstream. The accelerated protons are not found inside the
bow shock, in the magnetosheath. Scarf at al. (1970) report measurements
on what is presumably this same population of particles. They refer to these
proton fluxes in and outside the shock region as suprathermal protons.
They find the proton fluxes are correlated with electrostatic waves at fM3
KHX near the shock.

In at least one case the outward‘flowing protons were associated with
the presence of large amplitude hydromagnetic waves. Such waves have
been known to be frequently present on interplanetary field lines connected
to the bow shock (Heppner at (M, 1967; Greenstadt a! 121., 1968; Fairfield,
1969; Russel er 122., 1971). Study of their properties leads to the conclusion
that these waves are Alfvén waves which cannot travel upstream against
the solar wind flow. Fairlield (1969) then suggested theyr must be locally.-
produced upstream and that it is the outward flowing protons moving
against the solar wind that generates these waves.

Protons of energy 30 to 100 keV are regularly found upstream in the
solar wind on field lines that connect to the bow shock. They have been
found (Lin at all, 1974) to be present at least 90% of the time on such field
lines. The acceleration of these protons is thus a steady state process just
as is the energization and reflection of solar wind protons at lower energies.
Furthermore, the flux level of these protons remains remarkably constant
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Fig. 2. Energy spectrum of how shock protons. From 30 to 100 keV they have a
power law spectrum, E—3. Above 100 keV the proton intensity is sharply cut off

for many hours at this time (Fig. 1). This flux level changes from day to
day but is in the range 100 to 1000 protons (cm2 sr sec keV)—1. The spec-
trum of these particles is closely fit by a power law and usually having form
E“3 from 30 to 100 keV. Above 100 keV the spectrum is ver}? sharply eut
OH (Fig. 2). This fact must be considered of great importance in diagnosing
the mechanism which accelerates these particles. It should be emphasized
that the appearance of these protons in front of the Earth’s bow shock does
not depend on the presence of solar flare particles or interplanetar}r shock
waves. The sudden switching on or off of the proton flux as seen in Figure 1
is characteristic of satellite observations of these protons. The switching on
is always interpreted as being due to the spacecraft encountering field lines
which pass through the bow shock. The hypothesis is that such field lines
always carry these protons.
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The lower energy outward flowing protons and the 30 to 100 keV pro-
tons may be diflerent parts of the same particle spectrum. That is, all the
upstream protons from 30 keV to 100 keV may have been accelerated and
ejected outward by the same process. One check that can be made of this
possibility is to extrapolate the higher energy spectrum down to the energies
measured by the Vela satellites. When this is done it is found the intensities
at 3 keV would be 106 (cm2 sec sr keV)—1 in close agreement with the Vela
measurements.

Three possible origins for the energetic upstream protons are:
1. They are accelerated in or near the bow shock, then travel large

distances upstream without further energy change.
2. They are accelerated by a Fermi process using the bow shock itself

as a stationary mirror and irregularities convected by the solar wind as the
moving mirror.

3. They are accelerated throughout large regions of the upstream region
but only on field lines connected to the bow shock.

I

The second possibility seems to be ruled out on grounds that the proton
intensity changes very slowly as a function of distance along the IMF. The
theory of acceleration in this manner predicts a rather rapid decrease in
intensity with distance.

The apparent convection of the low and high energy protons suggests
an origin in the bow shock (possibility 1). This is because the low energy
electrons are clearly seen to be directed outward from the bow shock (the
angular distribution of the 30 to 100 keV protons is not known).

However, there is evidence arguing against possibility 1. These argu-
ments are given in Lin at a]. (1974) and will not be repeated here. The situ-
ation must be said to be unresolved at the present time. If possibility 3
turns out to be correct, one would look for an interaction of the Alfvén
waves, generated by the low energy protons, and those same protons which
result in particle energy gain at the expense of wave energy. This possibility
is not contradicted by the energetics of the situation: The energy densities
in the solar wind, upstream waves and 30 to 100 keV protons are, respective—
ly, 10—9, 10‘11 and 10-12 ergs/cm3.

We now return to the question of electron acceleration in or near the
bow shock. Figure 1 makes it clear that there is no steady state acceleration
for electrons ‚22 keV as in the case for protons. No electrons at all can be
detected above 23 keV: Their flux is at least 30 times less than the > 30 keV
proton flux. At times (near 1300 UT) there are weak fluxes of g 2 keV
electrons of intensity a few times 103 (cm2 sr sec)“1. It may be significant
that in the example shown, these electrons appear at times when the space-
craft is being connected and disconnected several times per hour with the
bow shock as evidenced by the switching on and 06 of the proton fluxes.
This measurement was made far upstream in the solar wind on an inter-
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Fig. 3. Position of the Moon, and hence the Apollo 16 subsatellite, during the
period of May, 1972 discussed in this article

planetary satellite and thus it alone does not conclusively rule out con-
tinual acceleration of electrons since these particles might be scattered or
lose energy and not reach large distances from the shock. However, meas-
urements made close to the shock also show that stable fluxes of protons
often appear with no detectable, or else rapidly varying, electron fluxes.

Additional measurements of bow shock related electrons and protons
have been made on the Apollo subsatellites, especially the one launched on
the Apollo 16 mission. The subsatellite orbits the moon at low altitude
(~100 km) so that in Fig. 3 only the path of the moon is needed to indicate
the satellite’s position with respect to the Earth’s magnetosphere and bow
shock. The subsatellite was in the magnetosheath until early morning on 2
May. Then for nearly a day it experienced many crossings by the bow shock
as indicated by the on—board magnetometer (C. Russell, private commu—
nication). From the morning of 3 May on, the subsatellite was in inter*
planetary space and moved away from the bow shock although never more
than about 40 RE.

Some of the results from this study confirm earlier results and some are
new:

1. Electrons of energy 2 to 100 keV are often present at or very near the
position of the bow shock where the Moon crosses it on the down side of
the Earth.

2. Protons of energy 30 to 100 keV appear just inside (510,000 km)
the shock and outside it.
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Fig. 4. Protons and electrons encountered just outside the bow shock. The
electrons vary much more than do the protons

3. The electrons and protons are found upstream from the bow shock
to distances along the field lines of at least 30 or 40 RE.

4. The temporal appearance of the electrons is always spiky. The elec—
tron bursts last from a few seconds to a few minutes. They never switch
on and remain quiescent for long periods of time as do the protons.

5. The appearance of the electrons is usually at the time the proton
fluxes are being switched on and off rapidly (at times when the field line
through the spacecraft is making and breaking connection with the bow
shock). (Figs. 4 and 5 give further examples of this effect.

6. The electron intensities are highest near the bow shock but equally
high intensities may be attained at distances up to ~40 RE from the bow
shock. There is, however, a tendency for the electron intensity to decrease
with distance from the bow shock. The very great variation of electron
intensity is in contrast to the nearly constant intensity level of the protons
even when they are being switched on and off. Table 1 gives flux values at
various electron energies for electron spikes located at different distances
from the bow shock.

7. On a few occasions electron spikes, even of large intensity, may ap-
pear entirely in absence of protons. The event of orbit 104 in Table 1 is an
example of this. A possible interpretation of this observation is that the
field through the spacecraft is very rapidly connecting and disconnecting
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the Moon away from the bow shock. Protons from the bow shock can teach the
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electron cyclotron radius is much smaller
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Table 1. Fluxes of bow shock and upstream electrons. There is a tendency for the
electron flux to decrease with distance from the bow shock but intense events may

still be found for upstream

2 May 2 May 3 May 7 May 9 May
Time 0045 UT 1001 UT 1023 UT 1706 UT 1038 UT

Distance from Inside Close Outside
bow shock <1“ 10,000 „30,000 m2000‚000 «250,000

km? km km km

Flu}; at
energy of:

0.5 keV 106 106 10fi 105 10Ü
2 7 x104 8 X104 1.7 x105 1.5 x101 "F ;r-:10'1
6 1.4 ><10Il 5 >< 103 7.5 ><: 103 1 x103 1.4 X10:-1

14 2 x103 4 x103 1 X103 5 tx<101 1.7 x103
33 4 >< 102 1 4 — —

All fluxes in units of particles (at cm2 sec keV)—1
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Fig. 6. Electron fluxes showing variations at a period of seconds. The satellite is
probably just inside the bow shock at this time

with the bow shock. 100 keV protons require 15 seconds to travel 10 RE
while 50 keV electrons require only à second. Thus if the field line remains
connected for less than 15 seconds, protons cannot reach the spacecraft.

8. Electrons are rarely observed on the side of the Moon away from the
bow shock. Of 24 orbits examined during the 2 to 9 May 1972 period, two
orbits showed no bow shock electrons at all, 20 had substantially more bow
shock electrons on the toward side while two showed more flux on the
away side. This result shows that the electrons are moving away from the
bow shock at distances of a few to 40 RE from the bow shock. This result
thus gives evidence that the electrons at least are accelerated in the bow
shock or within short distances from it.

9. On two occasions, both while the subsatellite was close to the bow
shock, the electrons were strongly modulated at a period of about 2.5 minu-
tes. One of these occasions is shown in Figure 6. The electron intensities
were unusually high as can be seen from the Table as well as Fig. 6. The
energy spectrum during the largest peak is given in Fig. 7. The background
is included in that Fig. 7. This background consists of solar wind elec-
trons up to l or 2 keV, and on interplanetary particle spectrum of unknown
(but presumably solar) at energies above these. Presumably this background
constitutes the raw material for the bow shock acceleration process. If
that is the case, the greatest relative enhancement of flux occurs above 10
keV and is quite small at 0.5 keV.
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10. The spectral characteristics of the electrons are highly variable
(Table 1). Overall, the spectra do not fit a power law with a single exponent.
When segments of the spectra are fitted to power laws the exponents range
from ——-2 to —4.5. The shape at higher energy sometimes is steeper (more
negative) than at low energy. At other times the reverse is true.

11. The unusually high fluxes of electrons occurred when the sub-
satellite was behind the bow shock (C. Russell, private communication). It
is likely that the subsatellite was very close to the bow shock at this time
since it entered interplanetary space about 2 hours later. Thus we may
have determined the electron intensity and spectrum in the acceleration
region. However, only multiple satellites, such as the Mother and Daughter,
can further explore the location of the acceleration region.
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Two-Way-Convection in Auroral Latitudes*
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Abstract. Latitudinal distributions of keV proton and electron fluxes in the
upper ionosphere are shown to display reminiscences of the characteristics in
the noon sector even past dawn and dusk on the nightside. These observations
support the proposal of Frank (1971a,b) that plasma is convected along the
magnetospheric flanks from day to nightside. The keV particle data show,
however, that in most of the auroral particle precipitation zone the transport
of hot plasma is from night to day.

Key wordy: Magnetospheric Physics — Auroral Particles — Magnetospheric
Convection.

7. Introduction

Although convection of magnetospheric hot plasma from the nightside
to the dayside along the flanks of the magnetosphere has been inherent
in physical models of the auroral phenomena since the dynamic morphology
of auroral substorms became known some ten years ago (see c. g. the review
by Akasofu, 1968), the idea that convection in the opposite direction at
auroral latitudes may be even more important from the plasma source
point of view was first forwarded by Frank (1971 a,b) a few years ago.
The basis for his suggestion was the discovery of the polar cusps which
are a few latitude degrees wide and extend from about 0900 to 1500 magnetic
local time (Heikkila and Winningham, 1971). Frank (1971 a,b) proposed
that the convection of the magnetic field lines, with associated plasma,
from the polar cusps along the flanks into the plasma sheet in the tail is
the most important source of hot plasma in the magnetosphere.

That plasma convects along the auroral oval as suggested by Frank
(1971 a,b) has been confirmed by means of electric field measurements
(Frank and Gurnett, 1971). These measurements show, however, that there
is an electric field so directed that it gives rise to convection in the antisun-
ward direction, only poleward of a certain boundary, which coincides close—
ly with the > 40 keV electron trapping boundary under most conditions.

* To Prof. G. Pfotzer in honor of his 65th birthday.
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Equatorward of this boundary the convection has the opposite (sunward)
direction.

The purpose of this note is to present some observations of latitudinal
and local time distributions of keV proton and electron precipitation
obtained by means of the polar orbiting low-altitude satellite ESRO 1 A,
which provide some additional indirect evidence for the convection of
the hot plasma to go from day to night poleward of a border latitude and
in the opposite direction equatorward of it. The observational data dis-
cussed are of two kinds: the average precipitated flux as function of
corrected geomagnetic latitude (practically identical with invariant latitude)
and eccentric dipole time, and individual latitudinal profiles of keV elec-
tron and proton fluxes at 10° and 80° pitch angles measured at about
1000 km altitude (i300 km).

2. Instrumentation

The satellite ESRO I A (Aurorae) was launched on October 3, 1968
into a near polar orbit (inclination 938°). The apogee was 1533 km after
launch and the perigee was 258 km. The satellite with the auroral particle
experiment was in operation until June 26, 1970. It was magnetically
stabilised. The particle experiment, S 71 B, was operated only when the
satellite was within the range of a telemetry station. This experiment which
has been described in detail elsewhere (Riedler et 41., 1971) contained 10
sensor units, each consisting of an electrostatic analyser and channel multi-
plier detector measuring only protons or only electrons in a fixed energy
interval and arranged at angles of 10° and 80° to the satellite axis.

This report is based entirely on 8 sec average values. These are, for low
and medium fluxes, the average of measurements during two to three com-
plete measuring cycles or, for very high fluxes, the average over more
than 40 cycles. In 8 sec the satellite traveled about 60 km (half a latitude
degree). Therefore, the spatial/temporal structure is smoothed out. Indi-
vidual auroral arcs of a characteristic width of 1 to 10 km are generally
strongly suppressed in the data.

3. Observations and Discussion

The average precipitation patterns for keV electrons and protons as
measured by ESRO I A are illustrated in Fig. 1 for 6 keV, 10° pitch angle
particles under quiescent to moderately disturbed conditions (after Riedler
and Borg, 1972). A feature of Fig. 1 of interest to us here is that the local-
time distribution of the precipitation intensity has broad maxima centered
in late morning and late evening with minima in between at 0100—0200
EDT in the early morning and near noon (EDT) and that there is hardly
any difference between the precipitation rate at dawn and at dusk neither
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Fig. 1. Average fluxes of precipitated electrons (a) and protons (b) of 6 küV
energy for fairly low activity level (Kp: 1—3) as measured during a 20-month
period from October 1968 to June 1970 with the ESRO I A satellite. The coor-
dinates are corrected geomagnetic latitude (practically identical with invariant
latitude) and eccentric dipole time. Original is coloured. The highest intensities
are found for the electrons (a) in the dark regions surrounded at higher and
lower latitudes by lighter areas, whereas for the protons (b) the light regions

indicate the highest precipitation fluxes. After Riedler and Borg (1972)
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for keV electrons nor for keV protons. For still lower electron energies
no dawn—dusk asymmetry at all can be seen. This absence of a significant
dawn—dusk asymmetry is not only a statistical fact but is more or less
regularly seen in individual passes. For energies above the keV range a
dawn—dusk asymmetry is present.

The night-time minimum, which is the less pronounced one, is not our
concern here. It can be found also in data for precipitation of electrons of
higher energies and in the percentage hourly occurrence of aurora as
function of the local time (Davis, 1962) and may be related to special
features of the convection pattern or to the large scale distribution of the
pitch angle diffusion rate.

The observed local time distribution shown in Fig. 1 clearly indicates
that injection of keV particles on field lines reaching the auroral regions
is extended over the entire width of the magnetotail. The distributions are
consistent with a model in which hot plasma from the tail is convected
towards the earth up to a forbidden region with strong pitchangle difl'u-
sion prevalent over the entire nightside in an L—range of 3—10 outside
this boundary. The keV plasma is also convected past dawn and dusk
into the dayside but the fluxes decrease there in the direction of the noon
meridian.

The precipitation patterns in Fig. 1 show too that there is no, or only
a slight, effect of the azimuthal magnetic drift motion of the keV electrons
and protons on the distribution of the keV particle precipitation on the
nightside. A significant dawn—dusk asymmetry seems unavoidable if the
keV particles due to azimuthal drift moved over a large sector of local
time angle before being precipitated. Such an asymmetry can be seen at
higher energies and is significant already at 13 keV (Riedler and Borg,
1972; Riedler, 1972).

It appears to be most difficult to interpret the average precipitation
patterns in Fig. 1 in terms of a convection from the dayside to the night-
side. Quite peculiar field and/or wave distributions have to be advocated
to explain the predominant nighttime precipitation in such terms. Even if
such special configurations at the present time can not be definitely dis-
proved on the basis of average, time—independent situations, a model with
the injection on the dayside over the whole latitudinal width of the auroral
particle precipitation zone with a subsequent convection toward mid-
night can be eliminated on the basis of the time-dependent behavior.

That the enhancement of precipitation during substorms generally
starts in the midnight sector and subsequently expands in all directions
from the initiation area was demonstrated on the basis of auroral observa-
tions already in the early sixties (see e. g. Akasofu, 1963). It has later been
shown also in electron precipitation at energies above the keV range which
does not produce much aurora but instead affects the D-layer electron den-
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Fig. 2. Svnoptic maps of auroral absorption for a substorm starting around
0430 UT on Maj: 3, 1969 (after Berkev cf al, 1971), for the first 11/4 hour after
the start. The points in the first diagram shows the riometer stations on which

the synoptic maps are based

sitjt' (Barke); er al, 1971, 1974). An example of the temporal development
of the precipitation pattern during a substorm as measured by the increased
D~larer electron density, which absorbs cosmic radio noise observed at the
ground level, is shown in Fig. 2.

It seems very difficult to understand a time series as the one shown in
Fig. 2 in terms of an injection of hot plasma from the dayside into the
nightside, but such a temporal development is a natural consequence of
the injection of hot plasma into the inner magnetosphere from the magnes
totail over the whole width of the tail, with the precipitation setting in
when the plasma has reached within a certain distance of the earth, which
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Fig. Bane. KeX' electron and proton data from liSRO 1 A passes through the
noon sector. The straight line over the diagrams indicate the location of a trapping
boundary for 12-40 lce‘t' electrons as determined on l-iSRO 1 A 1:13: Page and Shaw

(1972)

naturally may he expected to happen first in the midnight sector. We thus
conclude that the average precipitation pattern, as 1atell as the substorrn
behaviour strongly.“ support convection from the nightsicle towards the
dat'side being most important in the auroral regions.
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\one of the observations of auroral particle precipitation referred to
ahove indicates that convection from day to night plays any important role
at all. There is, however, some particle data that suggest that convection
takes place from day to night at dawn and dusk in the most poleward part
of the auroral particle precipitation zone, but they are of a diti'erent nature
than the data discussed earlier: the latitudinal distributions of keV elecu
trons and protons (with 8 see time resolution) for individual satellite passes.
These data are consistent with and suggestive of, although no definite
proof of, an antisunward convection in what appears to he the continua—
tion of the polar cusps on the morning and evening sides of the earth and
sometimes into the night. This observational evidence will he described
and exemplified here next. The situation in the central part of the dayside
will first he illustrated as it constitutes the reference with which the
latitudinal profiles in the morning and evening will he compared.

A numher of latitude profiles on the dayside, crossing the cusp region
hetween 1030 and 1330 lfiDT, are shown in Fig. 3. They are ordered accord-
ing to increasing K}, hetween 0., and 5 . Some of them show only part of
the particle precipitation zone because the instrument was operated with
real— time telemetry and frequently telemetry could he received for only
part of the region where energetic electrons and protons occurred. The
vertical line in each of the diagrams shows where the trapping boundary
was located by Page and Shaw (1972) with the use of a Geiger Muller
tube onhoard the same satellite which measured electrons of energies above
some 40 kLV.
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The latitude profiles shown in Fig. 3a—d were obtained during quiet
conditions. Still they show quite large differences. One thing they all and
Fig. 3e have in common is, however, that at the poleward boundary of the
particle zone there is an intensification of the proton flux, particularly
at low energy. The proton pitch-angle distribution approaches isotropy
in this region, which is some 2 to 5o of latitude wide and has its center
located at an invariant latitude between 78 and 80° in quiet conditions.

What is of particular interest is a common feature in all of Fig. 3a—3e:
the 1 keV proton precipitation is displaced poleward in comparison with
the 6 keV protons. This displacement is generally 0.5—1O of latitude.

Fig. 3 shows that there are usually no electron fluxes of energies greater
than 1 or 2 keV in this region of fairly intense soft proton flux at the pole—
ward edge of the particle zone. When electrons are observable they appear
only in the lowest energy channel.

This high—latitude region in the noon sector is the polar cusp. The 1 keV
proton channel of the ESRO-I instrument measures close to the peak in the
cusp proton energy spectrum (see e. g. Winningham, 1972; Sckopke et a/.,
1973). Fig. 3 shows that the proton spectrum within the cusp softens with
increasing latitude. In most cases the cusp can be clearly identified, even
in 6 keV proton data, from the intensification of the flux and isotropization
of the pitch-angle distribution.

The peak proton flux within the cusp region may vary by a factor of
more than 20 although the Kp index is almost identical. The rough estima-
tes of the H‚6 peak intensity corresponding to the measurement shown in
Fig. 3 vary between a few tens and several hundreds of Rayleighs.

Equatorward of the cusp the situation may be quite variable, as shown by
Fig. 3. Whereas there are hardly any protons south of the cusp in Fig. 3b,
the differential flux at 6 keV is as intense over many degrees equatorward
of the cusp as it is in the cusp in Fig. 3c. The proton spectrum is much
harder in this equatorward zone. In those cases where the 6 keV flux
is significant, the pitch angle distribution is in general within a factor of
two of isotropy. The protons give rise to Hß emission of intensity between
a few tens and a few hundreds of Rayleighs.

The electron population equatorward of the cusp has frequently a
fairly hard spectrum (see Fig. 3d) but it sometimes is quite soft (see Fig.
3a and c).

The 4278 Ä intensities corresponding to the highest electron flux
values shown equatorward of the cusp in Fig. 3 vary between a few tens of
Rayleighs and several hundred Rayleighs.

The polar cusp does not always stand out so clearly in the ESRO I
data as shown in Fig. 3, but the poleward softening of proton energy
spectrum and the isotropization of the 6 keV proton pitch-angle distribu-
tion can be seen practically all the time.
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The characteristics of the latitude profiles of keV proton and electron
Buses illustrated for the noon sector in Fig. 3 extend without any signif-
icant changes to about 0900 EDT in the morning and 1500 in the afternoon.
An interesting observation in the ESRC) Idata is that some of the character-
istics of the latitude profiles shown in Fig. 3 are found somewhat modi-
fied also at much greater distances from noon, out to the dawn and dusk
sectors. Sometimes this relation with the 3 and 6 keV electron distributions
having their peak fluxes well south of the peak proton fluxes and reaching
only to about the latitude of the peak of the proton profile, is found also
on the nightside. This is illustrated by Fig. 4, for the dawn and early
morning; by Fig. 5 for late afternoon and dusk; and by Fig. 6 for the night—
side.

The examples shown in Figs. 5 and 6 are contrary to the frequently
cited result of optical observations of electron— and protonuprodueed
aurora that the proton precipitation normally is cqyuatorward of the elec-
tron precipitation in the evening and poleward of it in the morning (see,
e.g., Derblom, 1968; Wiens, 1968; \X'iens and Vallance Jones, 1969,
and the reviews by Eather, 1967; Father and Carovillano, 19?1; and Om"
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Fig. 5a and b. KeY electron and proton data from liSRO l A passes through
the dusk sector. For the meaning of the symbols see figs. 3 or 4, and concerning

the straight vertical line in (a) see caption of fig. 3

holt, 1971). This disagreement is, however, most likely not a real one.
The hydrogen aurora in the evening is to a large extent produced by protons
of energies above those measured by the auroral particle experiment on
ESRO I. These protons drift into the evening sector from local night at
latitudes which on the average are lower than those where the keV protons
are precipitated with highest intensity. There are also in the keV proton
latitude profiles some differences between evening and morning sectors.

The poleward displacement of the keV proton profile relative to the distri—
butions of the g 3 keV electrons occurs more frequently on the morning
side than in the evening and the difference in occurrence frequency is so
large that it is clearly seen in statistical averages, as shown by Riedler
(1972)

\‘i-"hcreas in the morning a relative north-"south displacement of the keV
proton and electron profiles is the dominating situation, in the evening
a quite different relation between electrons and protons is seen about as
frequently as the one described above. This other relation is one with the
ke‘iT electron and proton precipitation xones having closely coinciding
boundaries. An example is shown in Fig. 7. These closely coinciding keVr
electron and proton latitudinal distributions are characteristic for the
dusk to midnight sector. They contain frequently inverted V regions as
well as field-aligned proton pitch-angle distributions (Hultqvist e! mi,
1974)
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There seems to be two competing processes present in the evening.
One appears to be connected with the injection of magnetosheath plasma
through the polar cusps with subsequent convection along the flanks into
the tail of the magnetosphere. The other shows no traces of this polar
cusp injection in the latitude profiles, but contains a lot more of spatial]
temporal structure (associated with discrete auroral forms) with keV
electrons and protons being precipitated together in a sharply bounded
zone with strong gradients at the edges. Which of the two kinds of profiles
that dominates depends on magnetic local time: the later the hour the more
dominant the sharply defined precipitation zone, common for keV electrons
and protons, appears to be.

We will not discuss further here the special phenomena in the evening
wich give rise to the structure in many parameters characteristic for this
sector, but we will instead emphasize the observations of displaced keV
proton and electron profiles, of which Fig. 5b is a most extreme case. It
seems natural to associate this kind of distribution set with the noon sector
profiles where the polar cusp influence generally dominates, in particular
as the occurrence of such sets of latitude profiles can be seen all the war
from noon to the nightside along both the morning and evening sides of
the earth, with diminishing occurrence frequency as the distance from noon
grows.
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The relative latitudinal displacement of the keV proton and electron
profiles tends to decrease with increasing distance from the noon meridian.
Already in the forenoon and afternoon sectors the latitudinal distributions
overlap somewhat more than around midday and at dawn and dusk the
overlap is mostly quite large, as Figs. 4—6 show. It therefore appears that
the two particle populations originating in the polar cusp and in the plasma
sheet, respectively, in general mix more and more the farther away they
are from noon and midnight.

It is evident also that the fluxes of 1 keV electrons in the region of maxi-
mum keV proton fluxes in general is higher at dawn and dusk than in the
polar cusps near noon, although the 1 keV flux in the polar cusp is some-
times much higher than in the examples shown in Fig. 3 (see Hultqvist
et 41., 1974).

On the basis of the observational evidence presented above we con-
clude that the auroral particle data obtained in the upper ionosphere
support the existence of injection of magnetosheath plasma through the
polar cusps into the nightside magnetosphere as proposed by Frank
(1971 a,b). But the data also show that this injection, involving convection
from day to night is limited to the most poleward part of the precipitation
zone. Equatorward of this region the hot plasma is convected from night
to day. This is obviously in agreement with the observations of sharp
reversals of the dawn—dusk component of the magnetospheric electric
field reported by Frank and Gurnett (1971).

Which convection pattern transports more particles and energy is diffi—
cult to give a good estimate of on the basis of the ESRO I data because of
their limitations with regard to the width of the energy ranges measured
and the pour energy spectrum information contained in them. A subjec—
tive impression is, however, after having studied many hundred passes,
that there is more particles and energy transported from the night to the
dayside of the earth than in the opposite direction.
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Abrtract. The Electron Echo experiments are based on early measurements
of auroral X-rays discovered with balloon experiments in 1957. These X-rays
were caused by strong pitch angle scattering and subsequent precipitation, and
frequently accompanied the injection of electrons into the earth’s radiation belts
as shown by a combination of balloon and satellite measurements in 1967. Echo I,
launched in 1970, injected 40 keV, 0.1 amp electron pulses at low latitude (L = 2.6)
and successfully measured the returning pulses from the conjugate region. Electric
fields and multiple Coulomb scattering were studied. Echo II, launched in 1972
from high latitude (L = 8) studied the interaction of the beams with background
radiation and the detailed motion of the beams near the rocket. Evidence for a
beam plasma instability was obtained. Echo III launched in April 1974, (L = 5.5)
detected a series of conjugate echoes during the presence of a strong convective
field in the magnetosphere. It was shown that the electric field measurement in
the ionosphere using the incoherent backscatter radar and detectors on the rocket
was transferred to the equatorial plane as though field lines were equipotentials.
On Echo III, a search for beam bunching at the local plasma frequency gave a
null result.

Key words: Electron Beams — Beam-Plasma Interactions — Precipitation —
Scattering — X-Rays — Aurora —— Electric Fields.

I. Introduction

This paper describes an empirical study of the basic mechanisms by
which electrons precipitate from the geomagnetic field to produce “auroral
X-rays” during periods of geomagnetic activity. These mechanism are
complex and very difficult to understand in detail. Despite the many hun-
dr eds of measurements of auroral X-rays by balloons, and more recently by
rockets and earth satellites, there exists only a handful of observations of
wave-particle interactions in which cause and effect are convincingly docu-
mented (Rosenberg 62‘ 41., 1971; Koons et 41., 1972).

The “Electron Echo” experiments were devised to help solve these
problems by the controlled injection and subsequent detection of artificial

* To Prof. G. Pfotzer in honor of his 65th birthday.
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electron beams moving in the magnetosphere like the natural electrons.
Three rocket experiments have now been conducted in 1970 (Echo I),
1972 (Echo II) and 1974 (Echo III). These experiments mark a step-by—
step development of the experimental technique with an attack on the simpler
dynamical problems affecting the electrons such as coulomb scattering,
motion in static electric and magnetic fields, rocket charge neutralization,
electron scattering around the rocket, beam instabilities, plasma wave emis-
sion, etc. Considerable detail has already been published on the Echo I
and Echo II experiments (Hendrickson at 41., 1971 ; Cartwright and Kellogg,
1974; McEntire et 41., 1974, Winckler, 1974; Arnoldy et 41., 1974; Winckler
et al., 1974). A further discussion of these results and possible future ex—
periments will consistute the main part of this paper. But since the moti—
vation for the Echo program has come from the results of earlier work with
balloons and satellites, a brief historical resume of some features of pre-
cipitation seems useful.

X—rays associated with visual aurora were discovered by balloons in
1957 on the first day of the IGY period. (Winckler and Peterson, 1957).
Fig. 1 is the record obtained on that occasion by an ionization chamber
(lower) and a geiger counter (upper) flown at 10 gm cm“2 depth and intend—
ed to study cosmic ray variations. A detectable effect associated with an
aurora at such a low altitude came as a great surprise. It was soon deter—
mined that the X-ray increases were very intense during negative excur-
sions of the horizontal magnetic component which lasted up to several
hours and were accompanied by active auroral displays. Strong current
systems in the ionospheric E—layer called “electrojets”, now interpreted as
Hall currents flowing under the action of a transverse electric field and
simultaneous ionization due to the precipitating particles (see, e. g., Bostrom,
1964), caused the magnetic perturbation easily measured at sea level as-
sociated with the precipitation.

It must be remembered that these early measurements were made at
geomagnetic latitude 55O (L—Value 3.5), so that the electrons were pre-
cipitating from the heart of the outer Van Allen radiation region. With
hindsight, one can say that it should have been possible to predict the pres—
ence of the trapped radiation (electrons at least) from these measurements.
In actuality a convincing association between the X-ray producing pre-
cipitation and truly trapped particles came only in 1967 when the time
profiles of balloon-measured X—rays in the auroral zone were shown to
closely follow trapped radiation increases mesaured simultaneously at the
synchronous orbit (Parks and Winckler, 1968). An example is shown in
Fig. 2. In this figure the electron increase at 6.6 Re and the X-ray profile are
remarkably similar, and occur together during the increase and decrease of
the electrojet magnetic disturbance shown also in the figure from an auroral
zone station (Cape Chelyuskin, USSR). The top panel of this figure shows the
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a discreet bounce period (0.8 secs). Some mechanism for grouping the electrons

must be present, as shown

intensity of. VLF hiss recorded for the event. The precipitation is ac—
companied in a similar time pattern by the li-M radiation presumed gencrv
ated by the precipitating particles through the Cerenkov process. This VLIT
energy is not enough in such cases to rarer the particle pitch angle scattering
and precipitation, but is a secondary cfiiect attributable to the particles.

The X-ray variations show a large variety of time scales, some highly
periodic accompanying auroral luminosity fluctuations and magnetic
pulsations, and some very short, in the “micro burst” region (see, e.g.,
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Parks et al, 1968). Noteworthy among these was the discovery in 1961
(Winckler et 41., 1962) of a significant variation or modulation of X-rays
occurring at the “bounce” period for electron groups moving along the
dipole field lines between the northern and southern hemisphere mirror
points. The Fourier analysis spectrum of such a process is shown in Fig. 3,
where we see a peak at 0.8 and 1.6 seconds corresponding to groups of
60—70 keV electrons bouncing at L235. (A sample of the time series
yielding such a spectrum is given in Fig. 4). A qualitative explanation of the
bouncing groups is given in Fig. 5. The bounce motion is a well known part
of the general motion of trapped electrons, and corresponds to the second
adiabatic invariant. However, the coherent bouncing of electron groups
during precipitation is the natural analog of the artificially injected “Echo”
electrons whose bounce motion between the two hemispheres has been
successfully observed on two of the three Echo rocket flights (Echo I and
Echo III) and which has permitted the analysis of electron and magnetic
field influences as well as particle scattering. The periodic variations of
precipitation have been only partially explained. (Coroniti and Kennel,
1970). We know that the strong pitch—angle scattering resulting in electron
precipitation usually accompanies the “injection” or “acceleration” of
plasma into the trapping region (Parks and Winckler, 1968), and that this
“replenishment” of the radiation regions preferentially occurs when the
auroral zone electrojet increases. The more energetic processes to which
we have in effect referred here (electron energy E 10 > keV) most frequently
accompany the visual aurora (electron energy E 10<keV) in the mid-
night to morning local time sector. Evening auroras are frequently entirely
due to electrons E <10 keV and have no high energy counterpart. (Arnoldy,
private communication).

II. Some Tea/mica! Details of #36 E6190 Program

The Echo technique consists of injecting a short, intense burst of elec-
trons (typically a 0.1 amp, 20—40 keV, 32 msec duration pulse) from a large
sounding rocket at altitudes between 150 and 350 Km, i.e., in the iono-
spheric F—region. The rocket trajectory is aimed at magnetic east with the
horizontal speed adjusted so that particle detectors on board can intercept
the beam (or “echoes”) after one or more round trips to the opposite
hemisphere mirror altitude. A return current of F—region electrons to the
rocket body or to a collector disc maintains rocket neutrality during in-
jection.

It is useful to View the motion of both the rocket and the injected elec-
trons as projected (along the magnetic field) onto a plane perpendicular to
the magnetic field vector, and passing through the injection point (i. e., the
electron gun on the rocket). This plane is called the injection plane.
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See text for details

The motion of the rocket in this plane is a parabola as shown in figure 6
and represents the projection into that plane of the parabolic profile of the
rocket moving under gravity in the vertical plane. One notes that although
the vertical parabola always maps into another parabola in the injection
plane, that the vertical apex (geographic apogee) does not map into the apex
in the injection plane. The magnetic or “drift shell apogee” (as Shown
in Fig. 6) may occur anywhere on the geographical rocket trajectory,
depending on the inclination and direction of the magnetic field and the
rocket azimuth. In the case of Echo I drift apogee occurred about one
minute ahead of geographic apogee, as the rocket azimuth was mar/a of
drift shell east. Echoes were received on Iicho III very close to geographic
apogee as the rocket direction was very close to drift east. The straight
line in the top panel in Fig. 6 gives the displacement of the rocket perpen-
dicular to the drift shell in the injection plane during one bounce period
and is proportional to the dili'erential of the parabola below. This particular
figure was drawn for the Echo II experiment at Fort Churchill with a bounce
time of about 3.6 seconds. In example A, Fig. (i, if an injection is made
prior to drift shell apogee, the rocket will displace about 35 meters away
from the injection drift Shell in one bounce period. Thus unless the echo
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is in or below the atmosphere as in the fichu I experiment

has spread hy difi'usion or the drift shell happens to be distorted, the echo
will miss the rocket. How-"ever, in case B, near “drift shell apogee”, both
the injection and detection points lie in the drift shell and the echo can be
detected. An additional requirement is that the X-component of rocket
speed in this figure he equal to the bounce averaged particle drift vellocity
so that the timing will he correct as well as the position. If the particles
are injected with a certain energy spread giving a range of drift velocities
resulting from magnetic curvature and gradient forces then the detection
of conjugate echoes hecomes feasible. This is shown by the experimental
success in both the Echo I and Echo III experiments of detecting conjugate
region echoes.

The construction of the electron injector and detector systems, plasma
diagnostics and other relevant details are given in the publications referenced
above and will not he repeated here.

If]. (.irxrrjrrgrrfe 1551205: . fire/tar Me [5000 I mad [fr/Jr; U1 ljxpet‘fmeerr

The first experiment, Iicho I, was conducted at a low geomagnetic
latitude (1.22.6, Wallops Island, Virginia), where the magnetic field
geometry is very well known and stable and the magnetic and electric
fields are small. At this latitude the conjugate mirror points were 300 kilo-
meters lower than those over W'allops Island so that the echoes were return-
ed hy multiple coulomb scattering in the atmosphere combined with the
mirror either. This process is shown schematically in Fig 7. The multiple
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Note the exponential form for five orders of magnitude

coulomb scattering spreads the particles in a radially symmetric manner
at the conjugate point. The energy straggling then spreads the particles
along the drift shell because of the energy dependence of the magnetic
curvature drift velocity. .‘Xt the detection point this eli'ect is very large com~
pared to the transverse spread caused by the spatial diffusion. Melintire
(hieiintire ref „Ä, 1974) has developed a MontenCarlo scattering program
for licho I \vhich evaluated the transverse difi'usion, and found an approxiu
mate exponential dependence of particle intensity so that

.. v
1;] ex) (—- _—“ I .. 5.2)

with Y in meters. .-‘\ careful evaluation by Hendrickson (1972) of the echo
intensity perpendicular to the drift shell for licho I is summarixed in Fig.
8. The exponential is a reasonable fit over many orders of magnitude and
the observed exponential constant of 6.5 m is in reasonable agreement
with the 5.2 m theoretical value. The observed bounce times (0.62 sees)
and echo displacements along the drift shell (500 meters) are in close
agreement with expected values for \V'allops (see Hendricks-on, 1972;
Mclintire r! (M, "1974).

In the licho 1] experiment no conjugate echoes have been identified
although it is certain that Churchill ([428) was on closed field lines at
the time of the experiment (Arnoldv e! (M, 1974).
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Fig. 9. A sample record from the Iicho lll experiment. Upper panel—six injections
showing the response of a scintillation counter on the rocket during electron
injection (injection period shown by the black bars). This response is due to
scattering near the rocket, “quick echoes” from below the rocket, and some
scintillator “afterglow”, with a residual background of trapped or auroral electrons
at L :-_ 5.4 (Fairbanks, Alaska). Lower panel-the conjugate echo response of the
same scintillator to the six injections. The echo time is about 2.05 secs. The

intensity scale (photomultiplier anode voltage) is highly compressed

The Iicho IlI experiment x1115 launched from the Poker [Flats range
near Fairbanks, Alaska on '17 April 1974 near the end of a very quiet
geomagnetically 5 day period. At this latitude (64.85“) (1225.4) and
longitude (—147.83) the conjugue mirror points are about 300 Ixim sagas-
than at Fairbanks so little difliusion is to be expected and the lieho pattern
should be confined to a few Larmor radii distance from the injection drift
shell. A group of echoes was received from six rather closely spaced (236
msec) injected pulses each of msec duration, with no further echoes detect-

H
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able at plus or minus 1 second (or longer) from this group. The electron
intensities measured by a scintillation counter during injection and during
the echoes are shown in Fig. 9. The echoes gave a relatively large signal,
except for the fourth in the sequence, whose guiding center evidently
was further from the rocket (due to tocket spin) and was missed. In this
experiment the ionospheric electric field was evaluated continuously at the
launch site by using the Chatanika incoherent scatter radar (Blanks et al,
1973). A steady northward electric field of about 40 volts per kilometer
was observed on the night of 17 April. The resultant EXB drift was thus
westward and compensated a large part of the eastward magnetic curvature
drift so the net drift velocity approximately matched the eastward hori-
zontal velocity obtainable with the rocket. The relevant parameters are given
in Table 1. To first order at least, the experiment demonstrates that the
F-region ionospheric electric fields measured by the Chatanika radar may be
extended out along the magnetic field lines through the equatorial plane
to the opposite hemisphere as if field lines were equipotentials. The measur—
ed ionospheric electric field thus acts over the full bounce motion of the
electrons. The data given in Table 1 are model dependent and must be
regarded as preliminary. One should expect (curvature drift —— ExB drift =
rocket velocity) but one obtains 1.53—O.8=0.7 vs 0.85 Km sec—1 rocket
speed. Other field models are under study at present. The Olson-Pfitzer
model (Olson and Pfitzer, 1973) predicts a bounce time very close to that
oberserved, however. (See Table 1).

IV. Beam Stability and Beam-Plasma Eflecty

The fact that the echo beams can be detected after travelling large
distances in the geomagnetic field to the conjugate point and return implies
that no catastrophic beam instability has occurred under the echo condi-
tions. However, it is very difficult to make a quantitative estimate of the
loss of electrons from the beam in one bounce period. A careful study by
Hendrickson (1972), showed that the total observed number of electrons
in the Echo I experiment returning from the conjugate point was about a
factor of 10 lower than the number expected from the known number
injected and the theoretical backscattering process. Such an estimate has not
yet been made for the echoes observed in the Echo III experiment. These
echoes appear to be as strong as “quick echoes” observed from mirror
point reflections just below the rocket. One can say that a sizable fraction
of the injected electrons keep their original energy and have been observed
over as many as three bounce periods.

Despite the above we have obtained evidence of strong beam plasma
effects on several occasions. A study has been made for the Echo II experi—
ment of the motion of the injected electrons near the rocket and for times
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Table 1. Conditions Realized During Reception of Echoes for the Echo III
Experiment

Injected pulse energy spread 32—365 keV

Predicted bounce time 2.175—2.050 secs
(Olson—Pfitzer field model)
Predicted gradient-curvature 1.53—1.75 Km sec‘1
Drift velocity (Olson-Pfitzer-field model)
Observed bounce time 2.19—2.05 secs

ExB drift from radar 0.8 Km sec—1 west (approx)

Rocket horizontal velocity 0.85 Km seC‘1 east

during the injection or within a short time thereafter. Phase map 1 shown
in Fig. 10 summarizes this type of result. The response of an electrostatic
analyzer type detector with energy response centered at 29,8 keV was
sampled during the injection time. On Echo II injected pulses were 64
msec in duration so that the electron intensity near the rocket could reach
equilibrium, even for the “quick echoes” from below the rocket as the
“quick echo” time was less than 20 msec. For each data sample the magnetic
pitch angle of the injected electrons and of the detected electrons was
evaluated. These are designated oc; and ocD. The “inject” and “detect”
pitch angles were of course not independent as the injector and detector
were aimed 90° with respect to each other around the rocket spin axis.
Nevertheless, during each rocket coning cycle a considerable range of
relative values was covered resulting in the square field displayed in Fig.
10. The density of points in this phase map is not relevant but rather the
intensity of the electron signal has been coded with dots as described in the
figure caption. The pattern shows certain marked effects: quadrant 1 (inject
up, detect moving up) shows mostly weak responses; the center (90°,
90°) region shows a cluster of strong responses often saturating the detec—
tors; quadrant 2 (inject down, detect moving up) shows many strong
responses for oc] < 75°; quadrants 3 and 4 show weak or moderate responses
except for a group of strong responses in quadrant 4 around 30 < ocD < 60,
(inject up, detect moving down).

We associate strong responses in the central region of the phase maps
with a halo of scattered electrons produced when the gun beam impacts
the rocket afteravery few Larmor turns. The detectors are usually saturated in
this region. We associate the strong responses in quadrant 2 with a scattering
halo produced by the atmosphere below the rocket, when oc] falls below
90°, and the beam may impact the atmosphere and backscatter into the
detectors. The detectors will respond provided ocD>90°. The strong
responses in quadrant 4 occur for upward injection (ou > 90°) by both the
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octospheres and another type (a solid state detector) and may be very
intense. We know of no physical explanation for such strong scattering
(that’s the rocket other than some form of strong beam instability accom-
panied by Iii-fields in the beam.

The detector responses for all these classes of events bare the common
property of showing a degradation of the original injection energy. This is
consistent with an analysis which shows that without some form of scatter—
ing it is impossible to map the injection guiding centers onto that of the
detector. An energy spectrum typical of both the unusual responses from
upward injections as well as for the better understood responses Jfrom
downward injections is shown in Fig. 11. The spectrum has the appearance
of arising from a narrow energy width beam injection at the known energy
of 40 keV followed by degraded collision straggling to produce a broad
spectrum with maximum near 30 keV. No evidence is found for electrons
with energy higher than the original injected energy and the spectrum falls
to background close to the known beam energy. A more detailed discussion
of these results is given in \X--"ir1ckler cf (1/. (1974).
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drant 4 of Phase map 1 (Fig. III)

Cartwright and Kellogg (1974) by utilizing a sweep frequency electric
wave receiver in the detached rocket nose cone have measured a variety
of emissions during injection pulses. Strong emission occurs at the local
plasma frequency as shown in Fig. 12 by the series of intensifications
tracing out a double maximum near 6 mHa. This trace accurately follows
the independently measured plasma frequency at the rocket during its
ascent and descent. The double peak represents 2 passes through the F-
region maximum. A similar emission but more intense was observed during
The licho ll experiment again on the detached rocket nose cone in the
ionosphere. These emissions were not observed at ground level. A curious
time dependence of the plasma wave emission occurs during injection as
shown in the next Fig. 13, also from Cartwright and Kellogg (1974).
There is a large intensification of emission near the beginning of the pulse
followed by a low level for the last two—thirds of the pulse. (The licho I
pulses had a total duration of '16 msec). \X-iinckler (1974) has discussed the
relevance of these observations to the explanation of type III fast drift
solar radio bursts. The mechanism producing the short leading edge
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Fig. 12. Frequency spectrum of electric wave emission by the Echo I injections,
measured in Space about 1 Km above the injector rocket (from Cartwright and

Kellogg, 1974)

intensification of the licho I emission might also account for the short time
duration of the type III bursts observed by \X-"ild (see Wild and Smerd,
1972). Solar electron streams are known to he of longr duration and thus
the short type III radio bursts have been a puzzle. It is relevant to the
present discussion that hard solar X-ray bursts are sometimes associated
with type III radio emission, implying that the solar electron streams create
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liremsstrahlung in the solar atmosphere in a manner analogous to terrestrial
auroral X—ray production. The electric yyaye plasma Frequency emission
ohseryed during beam injection implies that the beam has to a certain degree
striated longitudinally under the action 111 a beam plasma instability which
creates periodic electric Iieltls and density Variations. Un the licho III
experiment we baye carried out an experiment to search 1111 such density
fluctuations during beam iniection. .-\ scintillation counter—phott'i—multiplier
detector system designated I’M—4 was equipped with a 12151 plastic scintilla—
tion crystal and was aimed downward at a 45"" angle to detect injected elec~
trons moying upward past the rocket after mirroring beloyy (“quick
echoes”). The photomultiplier output was equipped with 3 Iilter channels
spanning the plasma frequency range expected 1111 the auroral xone 1'-
region. These filters could detect as little as a few per cent component.
111 periodic count rate yariation in the otherwise white noise background
111 the photomultiplier output. .-'\ schematic is shown in liig. l4 211111 21 sample.
result 1111 2-1 quick echo as well as one 111 the licho III conjugate echoes in
liig. 15. The result 1'11 the experiment is so 1211 negatiye. No significant deli—
sity 1'211'121111'1115 in the detected electrons 1111111 the echo beam haye been
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found as the three filters show essentially the same amplitude for all the
injections and echoes studied. However, the measurement was rather
crude primarily because quick echoes may only be detected through some
scattering process, such as impact on the rocket body. Such scatteringt may
reduce the amplitude of the expected signal. In future experiments, it will
he necessary to place the detector directly in the injected beam to study the
longitudinal beam-plasma instabilities.

The licho II experiment carried a large—area proportional counter
directed don-inwards to search for X-ray emission caused by the Echo
heams striking the atmosphere. So far no such efiieet has been identified,
although the measurements were hampered by noise. During the rocket
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flight (at Churchill) a weak x—ray “glow” was detected coming from the
southern horizon, possibly from weak electron precipitation. This is
described in Arnoldy et a]. (1974).
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Abrtract. We have measured the energy spectrum of atmospheric secondary
electrons at various depths in the atmosphere. The results are compared with
calculations by Daniel and Stephens (1974) and good agreement between the
shapes of calculated and measured spectra are found. The measured intensity of
secondary electrons undergoes larger time variations than predicted from the
calculations. . -

Key words: Cosmic Rays — Atmospheric Secondary Electrons.

7. Introduction

In 1936 Pfotzer (1936 a, 1936 b) published two fundamental papers which
for the first time demonstrated the interplay between the primary and the
atmospheric secondary components of the cosmic radiation. Using a balloon-
borne Geiger—counter telescope Pfotzer was able to show that the intensity
of charged particles with near vertical incidence exhibits a broad maximum
at around 100 g/cm2 of residual atmosphere, and he correctly interpreted
this phenomenon as a superposition of an attenuated primary component
and the build—up and subsequent attenuation of secondary particles produced
in the atmosphere.

Since the time of this early work the nature of both the primary and
secondary particles has become well understood. The interaction mech—-
anisms that lead to the variety of secondaries have been investigated in
detail and it has become possible to quantitatively describe the build-up
and the decay of the various components.

Over the past years we have conducted a series of experiments to in—
vestigate the energy spectrum of the primary cosmic ray electron component
and its variations with time. This work was carried out with balloon-borne
instruments and hence under a layer of 2 to 3 g/cm2 of residual atmosphere.

* Work supported in part by the National Science Foundation under grant
GA 41692X.

** To Prof. G. Pfotzer in honor of his 65th birthday.
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In order to properly extrapolate to the top of the atmosphere and to arrive
at the primary flux one must fully understand the contributions of second-
ary atmospheric electrons. The accuracy of such extrapolations can be
tested experimentally through a study of the secondary electron flux as a
function of atmospheric depth from the smallest depths attainable in a bal-
loon flight down to sea level.

The data gathered during the ascent of 18 balloon flights which were
carried out over the past seven years from Ft. Churchill, Manitoba, Canada
have provided extensive information on the development of the secondary
electron component as a function of atmospheric depth. In this paper we
wish to present some of this experimental evidence and to compare it with
recent calculations of the development of the electron-photon component
in the atmosphere (Beuermann, 1971; Daniel and Stephens, 1974).

2. Experiment

In 1968 we designed and built an instrument capable of measuring the
energy spectrum of electrons from 20 MeV to 20 GeV for the purpose of
studying the long term changes of the electron spectrum under the influence
of solar modulation. A cross section of this instrument is shown in Fig. 1.
We shall not here dwell on the capabilities of this counter telescope but
refer the reader to the details which have been published elsewhere (Hove—
stadt et (IL, 1970). Suffice it to say that, due to the properties of the gas
Cerenkov counter, T2, and the CsI and lead glass shower detectors, T4
and T5, a unique discrimination between electrons and the nuclear as well
as meson components is possible over the entire energy range. The instru-
ment however, makes no distinction between positive and negative elec-
trons. The energy resolution is 200/0 FWHM at 1 GeV and better than
40% FWHM at other energies. The various properties of the instrument
have been verified during several accelerator calibrations.

Every summer since 1968 this instrument has been flown on two or three
balloon flights launched from Ft. Churchill, Manitoba. Most ascents were
made during the night hours when the geomagnetic cut-ofiC at Ft. Churchill
drops to 10 MV or less (Jokipii et a/., 1967; Hovestadt and Meyer, 1970).
The rate of rise of the balloon instruments was less than 5 m/sec allowing
the collection of data with good statistics during the ascent.

3. Rem/ts

The electron component in the atmosphere includes both primaries
originating beyond the atmosphere and secondaries created within the
atmosphere mainly by the interaction of high energy cosmic ray nuclei
with air molecules. The immediate problem is to distinguish between the
two components so that they can be investigated separately.
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Fig. 1. Schematic cross section of the instrument

In certain cases the observations include only secondary electrons. At
large atmospheric depths, past the Pfotaer maximum, the primary com-
ponent is severely attenuated so that for practical purposes only secondaries
are left. Fig. 2 shows examples of this situation at two atmospheric depths.
Theoretical calculations of the secondary electron energy spectrum at these
two depths from Daniel and Stephens (1974) are included for comparison.
(We hay ‘ added the negatron and positron curves that they give for a geo—
magnetic latitude corresponding to lit. Churchill, Manitoba and interpolated
as necessary to ohtain these curves as well as others used in this paper.)
liscept for normalization the Daniel and Stephens curves lit our ohser—
yations rather well.

“Growth curves” of the measured flux versus depth for particular
energies also, in special cases, include secondary electrons only. Fig. 3
shows a 1970 growth curve for electrons from 35.6 MeV to 54.0 MeV with
three calculated secondary curves superimposed for comparison. This
particular measurement was chosen because it extends an earlier compar-
ison hy Schmidt (1972) and because the primary electron Hus at this energy
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Fig. 2. Electron energy spectra at two large depths in the atmosphere. The data
points come from this experiment, flight 7212, and the curves for the same depths

from calculations of Daniel and Stephens (1974)

in 1970 was so small that it could not be observed. All depths have been
increased by 4% from the measured values to account for the fact that the
average particle arrives at a slight angle to the vertical. As noted by Schmidt
(1972), the straight line fits the data below 50 g/em2 considerably better
than does the curve calculated by Beuermann (1971) and normalized to the
intensity maximum. The best fit is provided by the calculations of Daniel
and Stephens (1974) normalized to the data points by a hast—squares method.
This fit is excellent from the top of the atmosphere down to the Pfotzer
maximum, becoming a poorer match at larger depths. In other instances
the Daniel and Stephens curves match the data at least as well as in Fig. 3
and often much better at larger depths, and we therefore use them exclusives
ly throughout the following discussion.
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Most growth curves include a mixture of. primary and secondary eleca
trons whose sum must be fit to the data. The attenuation of primary elec-
trons in the atmosphere is relatively easy to calculate because the energy loss
processes are well known. To do this we guess the primary electron spec—
trum at the top of the atmosphere and propagate downward for each energy
bin. The first guess for the primary electron spectrum is then used to sepa-
rate primaries from secondaries at balloon Float altitude and to arrive at a
new primary electron spectrum extrapolated to the top of the atmosphere.
This new primary spectrum can be run through the computations for a
second or third time until a self—consistent primary spectrum is obtained.
This usually requires one or two iterations. The propagation of the pri—
maries through the atmosphere is accomplished assuming a continuous
slowing down process given empirically by the electron energy loss tables
of Berger and Seltzer (1964) with extrapolations beyond 1 GeV. The
assumption of a continuous energy loss is valid through approximately the
first two radiation lengths of the atmosphere (1 radiation length :: 38 g/cmg),
becoming poorer beyond. For each depth, in steps of 1 g/cmz, we determine
the energies that an electron at the top of the atmosphere must have to hit
the upper and lower edge of the energy interval under consideration. Then
the primary electron flux at the particular depth is the flux at the top of the
atmosphere multiplied by the ratio of the energy interval at the top of the
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line) provides the best fit to the data points

atmosphere to the corresponding energy interval at altitude. At energies
where bremsstrahlung is important, the energy interval at the top of the
atmosphere increases in percentage terms as fast as the average energy.
When the average energy is located in a Hat portion of the primary spectrum,
this increasing width causes an increase in the flux of primaries with in-
creasing atmospherie depth as shown in the two low energy growth curves
of Fig. 4.
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Once the primaryr attenuation curves have been calculated we use a genera
alized least~squares computer routine developed by Bevington (1969) to
adjust both our primary curves and the Daniel and Stephens secondary
curves such that their sum matches the measurements. The need for nor-
malization of the Daniel and Stephens secondaries has been shown in Fig. 2.
Such normalization for a given year varies from a few percent to as much as
50% depending on the energy. Furthermore this normalization at a given
energy shows as much as a 20% variation over the years considered. These
variations are correlated with the counting rate of the Climax neutron moni-
tor. In general we see more of a time variation in the secondary,r electrons
than Daniel and Stephens predict.
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Fig. 4 shows several examples of growth curves in 1972 ranging from
low energies where the primaries are difficult to extract to high energies
where they are much more obvious. The data are well fit by the superposi—
tion of the computed primary and secondary fluxes.

The principal interest of our investigations has been the primary electron
spectrum. This spectrum is obtained by fitting a smooth curve to the deriv-
ed secondary spectrum at float altitude and subtracting it from the raw
flux points. Extrapolation to the top of the atmosphere is accomplished by
correcting for energy losses from bremsstrahlung and ionization. The same
electron energy loss tables used to obtain the primary component as a
function of depth are used to propagate the average energy and energy
interval. Fig. 5 shows the raw flux at float altitude (2.4 g/cm2) for the same
flight in 1972 as used for Fig. 2. In addition the derived secondary spec-
trum for that flight and the resulting primary spectrum extrapolated to the
top of the atmosphere (averaged over three flights) are shown. Details of
the changes of the primary electron spectrum from 1968 through 1972 are
contained in the thesis of G. Fulks (to be published).

4. Conclmz'om

Since the pioneering work of Pfotzer the propagation of primary and
secondary cosmic ray particles in the atmosphere has become well under—
stood. Separation of primary and secondary electrons can be achieved with
a high degree of accuracy. We have compared the measured flux and energy
spectrum of secondary electrons with recent calculations of Daniel and
Stephens (1974). After normalization we find quite good agreement be-
tween the measured and calculated spectra. There are, however, some
discrepancies. We observe considerably larger time variations in the flux
of secondary electrons than predicted by Daniel and Stephens, and hence
have to change the normalization to match with the experimental data. Our
observations also suggest that the shape of the growth curves undergoes
larger changes over the solar cycle than indicated by Daniel and Stephens.

Acknowledgementy. Our thanks go to Messrs. H. Boersma and H. Reisch for
their assistance with the operation of the instrument and the execution of the
balloon flights. We are grateful to the ONR Skyhook balloon program for provid-
ing the large number of successful balloon flights.
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Abstract. A multiple regression analysis is performed between the harmonic
components of the underground cosmic-ray flux and the three components of
the interplanetary magnetic field vector as measured by spacecraft. A significant
linear regression is found between a cosmic-ray diurnal variation with a maximum
at 6h or at 18h sidereal time, and the magnetic field component tangential to the
earth’s orbit.

Key words: Cosmic Ray Diurnal Variation — Interplanetary Magnetic Field.

The phase of the diurnal variation of the cosmic-ray flux, as observed
at underground stations, shows changes depending on the direction of the
interplanetary magnetic field (Regener and Swinson, 1969). This effect is
illustrated on the harmonic dial of Fig. 1. The segments of the broken
lines represent, by their length and direction, the amplitude and the phase
of the diurnal variation for each day. Positive and negative signs signify,
respectively, magnetic fields away from the sun and toward the sun accord—
ing to the spacecraft measurements reported by Wilcox and Colburn (1970).
The cosmic-ray data are from the Embudo, N. M. underground station at
a depth of 40 m. w.e.

In the present paper we demonstrate a quantitative relationship between
the diurnal variation of the underground cosmic—ray flux and the interplane-
tary magnetic field. Our method is a multiple linear regression analysis of
cosmic-ray data observed underground at Embudo Cave, New Mexico and
at Mount Chacaltaya, Bolivia, in relation to data on the interplanetary
magnetic field as recorded by the spacecrafts Explorer 28 and 33. For each
day, the measured diurnal variation of the cosmic-ray flux is treated as a
vector in the plane of the harmonic dial, with two orthogonal harmonic

* To Prof. G. Pfotzer in honor of his 65th birthday.
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Fig. l. Summation dial in Solar time for the diurnal variation of the coSmic—ray
flux at the limbudo underground station. Positive and negative signs indicate

the direction of the interplanetary magnetic field

components U (positive toward 6h) and V (positive toward 0h). W'e
correlate these with the mean for each day of the measured components
X, Y and Z of the interplanetary magnetic field vector, where component
Ä’ is directed from the earth toward the sun, Y is tangent to the earth’s
orbit and positive in the direction opposite to that of the earth’s velocity
around the sun, and Z is directed toward the ecliptic north pole. Days on
which the spacecraft was within the magnetosphere are omitted, and on
other days we have no cosmic-ray data; we include only those days on
which both the cosmic—ray data and the spacecraft data are complete.
Using cosmicrray data from the Embudo Station, we have 500 suitable
days covering the period from June 6, 1965 to September 29, 1968; from
the Chacaltaya station, we have only 174 good days between january 25,
1967 and May 20, 1968.

In our multiple regression analysis, we treat U and V (the harmonic
components of the cosmic-ray diurnal variation) as dependent variables
and AX, Y, and Z (the mean daily components of the interplanetary magnetic
field vector) as independent variables. We are aware that this treatment is
formal, since we are assuming no physical mechanism for the interaction
between the interplanetary magnetic field and the cosmic—ray flux. In addi—



|00775||

Cosmic Rays Underground and the Interplanetary Magnetic Field 763

tion, X, Y, and Z are components of a single vector and thus not unrelated
to each other. Finally, the physical relationship between the dependent
and independent variables is not expected to be a linear one. Nevertheless,
the outcome of this study might be useful in the discussion of models for
the modulation of the cosmic-ray flux by the interplanetary magnetic field.

Tables 1 and 2 show for the Embudo and Chacaltaya data, respectively,
the multiple regression coefficients 1 obtained for U and V on the harmonic
dial with respect to the magnetic field components .X, Y and Z, using
several different methods of treating the data. The columns labeled X, Y,
Z and Æ display, for each line labeled U and V, the respective multiple
regression coefficients a, a, a, a’, e, andf and their standard errors, together
with the constant terms ÆU and ÆV, corresponding to the best linear fit
in the regression equations

U=aX+bY+cZ+ÆU

Vza’X+eY+fZ+/èv,

where X, Y and Z are the three components of the magnetic field in units
of 10—5 gauss. The two harmonic components U and V of the cosmic~
ray diurnal variation are given in units of a fractional amplitude of 10—3,
or one tenth of one percent of the average counting rate.2 In the column,
labeled Mean appear the means of the two cosmic-ray diurnal amplitudes.
The first column shows in what way the cosmic-ray data were treated
before submission to the multiple regression program. The first two lines,
labeled Solar, show the multiple regression coefficients obtained using
the original harmonic components of the solar cosmic—ray diurnal variation.

In the cases marked Sid. the cosmic-ray harmonic components for each
day are rotated, prior to the regression analysis, by an amount appropriate
to a harmonic dial referred to sidereal time. The same rotation is performed
in the cases marked Am‘z'iia’., but in the opposite sense, to ascertain the result
of a manipulation that could not have a physical justification.

The cases marked 772.5. represent attempts to reduce the possible effect
of the large afternoon maximum of the solar cosmic-ray diurnal variation
upon the sidereal multiple regression coefficients. The mean of the cosmic-
ray amplitudes, as given under Solar, is subtracted from each of the daily
values before rotation into sidereal coordinates; under Mean appears the
mean of the values thus altered.

When dividing each year into 13 bins of 28 days (one bin is given an
extra day to make 365 days), some bins of the Embudo data contain up

1 We are indebted to Robert Zamora who did the computer work with the
aid of the Statistical Package for the Social Sciences (Nie et a/., 1970).

2 Barometer—corrected cosmic-ray data are used. No account is taken of the
deflection of the cosmic-ray primaries in the earth’s magnetic field.
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Table 1. Multiple regression coefficients, Embudo data, 500 days. (The units and
the abbreviations are explained in the text; the values in parentheses are magnetic

field means)

Treatment Mean X Y Z k
(.390) (—.697) (.035)

Solar U —.686 .002 j: .018 —.002 j: .017 —.030 j: .024 —.687
V —.761 .026 j: .017 —.017 j: .016 —.064 i .023 —.781

Solar, 222221. U —.757 .006 j: .017 .009 j: .017 —.006 j: .023 —.753
V —.770 .032 j: .016 —.037 31:.016 —.055 j: .021 —.807

52'21. U —.111 ——-.014 j: .020 .091 j: .019 —.048 i .026 —.040
V .108 ——.039 j: .022 .058 j; .021 —.013 :1: .029 .165

Sid, nay. U .044 —.008 i .016 .078 j: .016 —.059 :l; .022 .104
V —.004 —.010 j: .018 .047 j: .018 —.005 j: .024 .033

5221., 222221. U .052 —.016 j: .019 .092 i .019 —.045 i .026 .123
V .030 —.045 j; .021 .054 i .020 .002 j: .027 .087

5221., 222121., U .058 —.014 i .015 .077 :l: .015 —.052 j: .021 .119
222.5. V —.004 ——.017 i .017 .042 j: .017 .007 :l: .023 .031

Antiyz'a’. U .118 ——.017 j; .022 .016 i .021 ——.035 :l: .029 .137
V .044 ——.046 j: .020 .017 i .020 ——-.057 j: .027 .076

Anibal, U ——.008 .012 i .018 .006 j: .017 —.026 i .024 —.008
222.5. V .187 ——.038 i .017 .004 i .017 —.067 j: .023 .207

Animal, U .035 —-.018 i .020 .003 3': .020 —.029 j: .027 .047
wtd. V .229 ——.036 i .020 .022 :I: .020 —.059 i .027 .263

Antisz'd., U .001 .010 j: .017 —— .008 i .017 —.024 313.022 —.008
222221., 222. s. V .233 —.032 i .016 .006 313.016 ——.066 j: .022 .256

Table 2. Multiple regression coefficients, Chacaltaya data, 174 days. (The units
and the abbreviations are explained in the text; the values in parentheses are

magnetic field means)

Treatment Mean X Y Z k
(.230) (—.780) (——.066)

Solar U ——1.362 .097 i .067 ———-.013 j: .059 .128 :1: .110 —1.386
V — .739 .140 i .046 .086 i .040 —.131 j: .074 —— .713

52'21. U .584 —.073 i .066 .165 i .058 —.111 j: .108 .722
V .648 ——.101 j: .062 ———.053 i .055 ——-.013 j: .101 .629

5221., 222. s. U .175 .015 jg. 059 .182 i .052 —.124 j: .096 .305
V .050 ——.067 j; .054 —.067 j: .048 0 .013

Antixz'a'. U .997 ——.096 j; .065 .016 :1: .058 .053 i .106 1.035
V .088 —.005 i .064 .061 j: .057 .159 i .104 .148

A2212:2'21.‚ U .273 —.020 i .060 .014 j; .053 .061 j: .098 .293
222. .r. V .069 .050 i .055 .084 i .049 .137 31:.091 .132
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to three times as many usable days as other bins. Upon weighting all
the data in each bin by an integer factor between two and six, depending
upon the number of good days in each bin, we achieve a more uniform
distribution in which the number of good days in the bins differ, at the most,
by thirty percent. This procedure is used to further reduce the possible
influence of the solar diurnal variation on the calculated coefficients in
sidereal time. The results of the multiple regression analysis of the weighted
data are displayed in the lines marked wtd. In the case marked Sidereal,
weig/Jted, mean subtracted, for example, the mean of the weighted data as
shown under Solar, weighted, is subtracted from the cosmic—ray harmonic
components U and Vfor each day. The sidereal rotation is applied, and this
material is finally submitted to the multiple regression analysis. It is not
appropriate to apply the weighting procedure to the Bolivia data of Table
2, since large portions of the year do not have usable data.

In both tables, the regression coefficients that are larger than three
standard errors are shown in bold face. All of these relate the sidereal U
(the 6h component of the diurnal variation in sidereal time) to the Y
component of the interplanetary magnetic field (directed opposite to the
direction of the earth’s velocity around the sun). The regression is positive:
the coefficient at Embudo is near 0.08 j; 0.02, indicating that a Y—compo-
nent of 10—5 gauss leads to a sidereal component of the underground diurnal
variation of the cosmic-ray flux with a maximum at 6h sidereal time and with
an amplitude of 0.008 percent. Returning to the solar harmonic dial of
Fig. 1, it is seen that the direction of the phase change in the solar diurnal
variation corresponding to a reversal of the magnetic field depends on the
time of the year. The sense of these phase changes is, essentially, that
adduced by our regression equation.

Coefficients of lesser statistical significance are seen for V with Y at
Embudo in sidereal time, also with a positive sign. The correlation with Y
disappears consistently for the antisidereal cases. In solar time there is a
positive correlation of V with X both at Embudo and in Bolivia. Scattered
negative correlations of U and V with Z appear throughout Table 1. The
regression coefficients do not depend strongly on the various treatments
of the data, except for the separation into the solar, sidereal, and anti-
sidereal time frames.

The present result for the correlation of U with Y is consistent with
Swinson’s (1969) proposal to account for the sidereal component in the
underground diurnal variation of the cosmic-ray flux in terms of a local
magnetic field effect in conjunction with a radial gradient (away from the
sun) of the interplanetary cosmic-ray density.

This study was supported by the Atmospheric Sciences Section, National
Science Foundation, under grant GA-30591.
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Abstract. A recurrence formula is given for determining the attenuation and
phase change of a harmonic temperature wave in a horizontally layered medium.
Some diagrams illustrate the results in the case of a two-layer medium. They can
be used for geothermal mapping of an aquifer.

Key wordy: Geothermics — Temperature Waves.

Introduction

In the investigation of the penetration of temperature variations into
the earth, it is of interest to know the dependency of the attenuation and
phase change of harmonic temperature waves in a horizontally layered
medium as a function of depth, frequency, the thermal constants, and the
depths of the layer boundaries. One example of this type of problem is
that of detecting flat, water—bearing layers using geothermic methods
(Cartwright, 1968). The solution of the general problem is given here to-
gether with the results of certain cases in diagrammatic form.

Tbeory

In every layer j (j=1,2,. . .,72) of the n-fold stratified medium with
thermal conductivity Äj and thermal diffusivity ajz/lj/Qj Cj (sdensity,
cjzspecific heat), the temperature Tj, a function of time 2‘ and depth z
must satisfy the equation of heat conduction:

@i
d' . ÖZTZ for 27.1 S z S Zj

23; az2 andzo,zn->oo ’ (1)

where zj (jzl,2,. . .‚72— 1) represents the boundaries of the layers. For
every internal layer boundary the internal boundary conditions

Ti = Tj+1 (2)
T-

Âj - —-—- =
Äj+1-—a-—

for z = z,- (j: 1,2,. . .,7z— 1) (3)
z
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must be satisfied, and for the last layer

Tn —> O as z —> oo (4)

where a constant additive temperature and a linear gradient have been
omitted.

At the earth’s surface z :0 the boundary condition is

6T1 .oc '
3;—

+ß - T12); 'COS (wt—8):); -Re {exp(z(wt~—s))} (5)

Where oc, ß, y are given real constants . w =2 n/t is the angular frequency
(T =period), 8 is the initial phase shift of the temperature wave in the at-
mosphere, Re denotes the real part of the relevant function, and 2' is the
imaginary unit. Condition (5), which describes the heat transfer between
the earth’s surface and the atmosphere (2 <0), includes the particular con-
dition for a given harmonic temperature with amplitude T0

T1=T0°cos (wt--e) for z=0 (5a)

(oc =0, =1, = T0 , and also the case of a iven heat flow densit7’ g Y

q: — Äl 851 =Q-cos (wt—e) for z=0 (5b)
z

(a: - 11,fl=0, Y=Q)-
The general solution of the equation of heat conduction can be found

by separation of variables: '

MW) = R€{C ' [Ai ' GIN—192%) + Bi ° eXP (193%)] ° eXP (KM - 8))} (6)
where Pi =(z'w/aj)1/2, R€{pj} Z O.

C, A], By- are complex constants which must be determined from condi—
tions (2)—(5). From conditions (2) and (3) the following relationships can
be derived from the general solution (6) by solving the resulting equations
with respect to A; and Bf:

= Ä; 'Pj+/lj+1']§:£A; 2/1i
‘ €XP((Pi—Pi+1) ' zj) ' Am +

Âj 'pj— Âf+l°pj+1
_

CXP ((p"+p 1) '2'")
_ B 122m ’ H ’ 3+ <7)

Â" ._ Â . .
B} = J p, H1 PHI 'CXP (‘(PJ+P2'+1)'ZJ') ' A,“ +21mn?-

Ây‘ ‘Pz‘ + Âj+1']>j+1 ' eXP (-(]>2'-P2'+1) 'zi) ' Bj+1
(j=fl—1,n—2,...,1)212'791
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From (4), Bn must be zero. Setting An arbitrarily equal to 1, then (7)
is a system of recurrence formulae which yield A1, B1. From condition (5),
one can then obtain the normalizing constant

C: 7’ ____‚ (8)
13(A1 +51) — “P1041 — B1)

thereby completely solving the problem.
If one designates, for the special case of the boundary condition

T1 = cos (wt— 8) = Re {exp (z'(w1.‘— e))} for z = 0 (5c)

i.e. or =0, fi =y = 1, the normalizing constant as

C* = l/(A1+Bl) (8a)

then it can be seen that for a given sequence of layers with given thermal
constants, it is sufficient to solve the special case of the boundary condition
(5 c). The solution for the general boundary condition (5) is then obtained
by multiplying the former solution by a factor

C 7(A1 +51)V: ——— =2 .
C* ß(A1+Bl)-0<P1(A1-Bl) (9)

In other words: the attenuation and phase change of the wave within
the medium is independent of the boundary condition at the surface of the
medium. The boundary condition (5) simply introduces an additional
constant reduction in amplitude and an additional phase shift at the surface
of the medium.

Numerical Rem/2‘5

In order to reduce the number of variables for a numerical solution
it is advisable to introduce dimensionless variables. That depth of pene—
tration

d = <2 al/wwz ———— (a1 w/nwz = 21/2/IP1I (10)
of a harmonic wave in an unlayered medium with thermal diffusivity a1
for which the amplitude has decayed to the e-th part, can serve as a reference
value. The variables p,- and z are transformed as follows:

N

Pi +101 “—-Pj ' 4’: Z -> ä zz/d- (11)
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1.0“ a.gaz/2.1 = 0.5
(JE/Ü] : 033
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0.2—
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D

Fig. le
Fig. la—e. Amplitude A of a harmonic temperature wave as a function of the
relatiye depth a"?! and the relative depth of the boundary gel-"(l (at intervals of 0.2)

for three dillerent two—layer eases

liigs. l and 2 show the amplitude relationship and the phase change
as a function of the relative depth aid and the relative depth of the boundary
layer alfd für the two-layer ease for three combinations of the ratio of ther—
mal difiiusiy'ities (daim 20.33,1, and 0.33), and of the ratio of thermal
conductivities (2.3/2.1 20.33, 0.33 and 0.5).

In case of Figs. le and 2e Ouf?” ::.:0.33, 2.39.1305), it was possible
to make a direct comparison with results which Iiappclmeyer and Hanel
(197’4) obtained using a method of finite differences. Their results, hora-teyer,
are given in comparison with a temperature distribution in an homogeneous
halfuspace with thermal difliusiyity at]. For that ease the amplitude relation—
ship and phase change are giyen by

.rr- cxP( sir/hf“ (WM-T) ' Eli” ' (12)
Ä particular application is the geothermal mapping of a water-bearing

layer beneath a relatively dry overburden (aquifer), as carried out by (Jarr—
wright (1968). It depends on measuring the temperature diI-l'erence between
a twodlayer case (aquifer present) and a one-layer case (no aquifer) as a
function of the measuring depth and the season of the year, where the
yearly temperature variations are used in the inyestigation.
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No Transform Faults on the Moon
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.-1i’i.rfrrirf. Our studies on eea 3000 Lunar ()rbiter photographs which cover
95‘?“ of the Lunar surface, resulted in the conclusion that there exist no trans-
form faults on the Moon. According to the primordial surface of the Moon, it is
very probable, that there have never been transform faults as the San Andreas
fault or other comparable horizontal slidings on the liarth. Those lunar pheno~
mena observed, — appearing as horizontal sliding, — have been resulted by strain
release.

Ker imrdr.‘ Lunar 'liectonism 'l'ransform Faults — Lineanients -- Hysplitting.

The plate tectonic theory deduees the mega—tectonieal processes of the
liarth from the horizontal shifts of the lithospherie plates which appear
often as transform or transcurrent faults (see e.g. Dcwey cu" ni, [973).

W’u have examined about 3000 photographs of Lunar ()rbiters in order
to demonstrate transform faults by horizontal shifts. The pictures eoyer
about 95 percent of the surface of the Moon (Anderson and Miller, 1971).
liig. 1. illustrates the method of our examination. Some linear lunar features
(wrinkle ridge, graben, fissure, rille) will be interrupted and moved away
if at least one part of the underlying crust is alfected by horizontal sliding.

it may be expected that the lunar surface preserves intensely the shifted
pieces of the lineaments because of the lacking of the essential erosional and
depositingr processes.

y———-—.—-—-—n—n—-——————-——

transform fault_-. _- „- -—fi.

Fig. l. The transform fault pulls apart a lineament (graben, wrinkle ridge, ray,
rille)



776 1.. Stegena and Sz. Berezi

Fig. 2. The western hemisphere of the Moon taken by Lunar Orbiter 4. (‚"l 182).
In the left lower corner is the Orientale Basin. The rays of the fresh crater Byrgius

cross the picture

Perhaps the ray system of the large craters are the youngest represen—
tatives among the linear formations, which are about some 100 million
years old. The fractures due to the cooling of the basalt flows on the maria
are 3—4.109 years old. The radial and concentric fault and fracture systems
of the multi—ringcd basins are the oldest (Abelson, 1970; Hartmann; 1970;
Hinners; 1971; Kopal, 1969; Van Doorn, 1969). Therefore concerning
the lunar transform phenomena; the method above mentioned makes it
possible to glance back for a long time interval.

The conclusion of our examination is negative. By the use of the
method described it was not possible to demonstrate any formation which
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Fig. 3. A lunar panorama with straight wrinkle ridges (m the eastern regiun nf
Mare Serenitatis taken by Lunar Orbiter 3. (MR 161).
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Positionius, 1.0 l\'. HR 79 (1 km)
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were unambiguously altered by transform faults. The sometimes beyond
thousand kilometers extended straight rays of some fresh eraters (Fig. 2)
and the same long straight or areed wrinkle ridges (Fig. 3) support the
possibility of our suggestion, that the Moon was not effected by as great
transform phenomena as the San Andreas fault on the liarth demon-
strates.
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The linear features shown on Fig. 4. are those which might be affected
by transform overburden. There we have indicated the characteristics and
scale of the supposed displacements. We have found all these, and although
these forms are suggested to be transforms, their origin can be explained
without assuming horizontal crust sliding but by the help of other obser—
vable lunar features. That is these linear elements probably have been formed
thus broken as the result of the play of inner forces not yet known exactly.

The formations of Fig. 4 can be explained most simply by the rima—
bysplitting which is a very frequent phenomenon on the Moon. They
might have developed in the following way: the fissions which resulted
by the strain release started at two different points and instead of joining
they passed by one another and extinguished (Fig. 5a, 5b). Hidden ob-
stacles under the surface also might cause bysplitting. Later the regolith
has obliterated these deceased ends by one another and therefore the by—
splitting is inivisble on many places like on our four examples. The Fig. 4b
shows our only observation where not only one breaking occured but
where an about 20 kms long section of a fissure has been moved away
almost perpendicularly to the line of the fission.

Thanks to the World Data Center A Greenbelt, Maryland USA for the cour-
tesy placing to our disposal the Lunar Orbiter photographs.
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The map presented in Fig. 1 is a result of a general interpretation of a
number of maps available for the gravity and geomagnetic fields of NE
France and SW Germany. Details of that interpretation as well as correlations
with tectonics and petrography will be presented in a later paper.

The map showing roughly the Bouguer anomalies in the investigated
area was compiled from the following documents: in France, the “Carte
Gravimétrique de la France” (Bureau de Recherches Géologiques et
Minières, Orleans) with a density for the Bouguer correction of 2.3 g/cm3
in the Basin of Paris and 2.7 g/cm3 in the area of the Vosges; in Germany,
the “Schwerekarte von Westdeutschland” (Gerke, 1957) with a density
for the Bouguer correction of 2.67 g/cm3. The correction from the Basin of
Paris to the area of the Vosges is approximately + 5 mgals. The correction
between the area of the Vosges and SW Germany has been neglected.

The map shows also the lineations corresponding approximately to the
maximum gradient in the linear high—gradient zones. These lineations can
be interpreted as limits of the structures causing the gravity anomalies.

The short dashed lines represent linear interruptions of gravity or/and
magnetic anomalies.

The black thick segments correspond to magnetic anomalies whose
width does not exceed 10 to 20 km and which show only one clear axis.
The documents used for that representation are the “Carte Magnétique de
la France” (1 /1.000.000, 1/200.000) (Bureau de Recherches Géologiques
et Minières), the magnetic map of the upper Rhinegraben published by
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Fig. 1. Carte (iravimetrique de la France (d 2.3). (iarte (iravimetritlue de la
France (Vosges) (d 2.7). Schu'erekarte von Westdcurschiand

Bosum and Hahn (1970) and the “.-\eromagnetische Karte der Bundesrepu—
blik Deutschland” (Iiherle, 1973).

The superposition of the gravity and magnetic anomalies shows a good
agreement of their main directions. The parallelism between the axis of.
the geomagnetic anomalies and the gravity gradients is obvious. From liast
to West the direction changes several times: it is N- 45 1‘50“" in the liraiehu
gau (Nli of the map); N 55—60a in the Rheinische Schiefergebirge, the
Pfiilzer \‘i’ald, the northern part of the Vosges, the Black Forest and the
Nli of the Basin of Paris; N 95—-‘100* in the southern part of the Vosges
and the SI". of the Basin of Paris and N 115—125“ in the NW.

The N 55—60” trend which is the direction of the structures in the middle
and northern part of the map, becomes a direction of discontinuities (inter-
ruption of gravity or/‘and magnetic anomalies), which cross the N 95—100Ü
trend of the structures in the southern part. The flanks of the Rhinegrahen
are mainly characterized h}; a N 20° direction. That same trend can he
observed in SW German}; toward the east.
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In general the magnetic anomalies are located at the border of the large
gravity anomalies. Often in case of small gravity anomalies (width g 20 km)
they can be superposed. This is not shown on the map because only the
large gravity anomalies are presented here.

So the Variscan direction (N 45°—N 60°) can only be followed as a
direction of gravity and magnetic structures up to a line Arras (Northern
France)—Basel (N 130°). Beyond that line the structures follow the N 95——-
100° direction. Nevertheless, the 55—60O trend continues southward in
form of discontinuities.

Both main directions can be observed in the Vosges where the base-
ment is outcropping (Lauer and Taktak, 1971 ; Edel, 1972; Edel and Lauer,
1974). Correlation between the anomalies of the earth gravity and magnetic
fields, rock density and rock magnetism measurements and observations
from geology will be presented in a later paper.
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V. Vacquier: Geomagnetz'mz in Marine Geology
Elsevier Oceanography Series, 6, Amsterdam 1972, 185 S., 149 Abb., DH. 4250/
US $ 13.25.

Victor Vacquier ist Professor of Geophysics an der University of California
in San Diego. Er schrieb das Buch zur Information von Wissenschaftlern anderer
Zweige der Ozeanographie, “who often rub elbows with the marine geologists
and geophysicists on oceanographic ships”, ferner als Studienhilfe für Geologie—
und Geophysikstudenten und auch als Materialquelle für Dozenten der Erd-
wissenschaften. Der Autor, der sich an der Interpretation erdmagnetisCher Ano-
malien im nordöstlichen Pazifik bereits 1961 verdient gemacht hatte, stellt in 14
Kapiteln und 3 Anhängen das Grundlagenmaterial zusammen, dessen Studium
geeignet ist, die Resultate magnetischer Seemessungen und paläomagnetischer
Untersuchungen in Bezug auf die Vorstellungen der Plattentektonik beurteilen Zu
können. Vorangestellt sind kurze Beschreibungen der erdmagnetischen Grund—
begriffe und der Berechnungsgrundlagen theoretischer Anomalien aus Modell-
strukturen alternierend magnetisierter Gesteinsstreifen (ausführlicher im Anhang
behandelt), der magnetischen Eigenschaften ozeanischer Basalte und ferner der
magnetischen Meßmethoden von Schiffen oder Flugzeugen aus. Es folgt das
Wichtigste über die raumzeitliche Struktur des erdmagnetischen Feldes, vor allem
über die Chronologie der Feldumkehrungen nach radiometrischen Altersbestim—
mungen von Festlandsproben und aus marinen Sedimenten und die Extrapolation
der Skala bis 80 Mill. Jahre Zurück aufgrund der Theorie von Vine and Matthews
und der Vorstellung des sea-floor—spreading. HierZu werden gemessene und theo—
retische magnetische Profile des nördlichen und südlichen Pazifik gegenüber—
gestellt, die dem Leser einen kritischen Vergleich zwischen Modell und Wirklich—
keit ermöglichen. Eine statistische Untersuchung über den zeitlichen Verlauf der
Umkehrhäufigkeit des Erdfeldes läßt eine deutliche Abnahme dieser Frequenz
mit zunehmendem Alter mit zwei ausgeprägten Maxima bei ——5 und —40 Mill.
Jahren erkennen. Beispiele erdmagnetischer Streifenmuster, ihre Identifikation
und Symmetrieeigenschaften werden aus den Gebieten des Nordatlantik, Süd-
atlantik, Indik, Pazifik und Arktischen Ozeans vorgeführt. Auf die Subjektivität
des Korrelationsprozesses wird besonders hingewiesen; ungleichmäßige spreading-
Raten stehen einer mehr objektiven Bearbeitung mittels automatischer Korre-
lationsverfahren entgegen. Die Einflüsse der Topographie des Meeresbodens auf
die Anomalien werden behandelt. Insgesamt enthält das Buch, verteilt auf verv-
schiedene Kapitel, rd. 200 magnetische Profile und 6 Anomalienkarten. Ihre druck--
technisch hervorragende Wiedergabe ermöglicht dem Leser ein detailliertes
Studium der typischen Formen bestimmter, immer wiederkehrender Anomalien,
ihrer Korrelation und Symmetrieeigenschaften, was für die eigene Urteilsbildung
außerordentlich nützlich ist. Mögen einem auch beim ersten Durchblättern der
Profilbilder — abgesehen vom Paradebeispiel des ostpazifischen Rückens — bei den
mutig durchgezogenen Korrelationslinien einige Zweifel kommen: Ein sorg-
fältiger Vergleich der zahlreichen Beispiele, verbunden mit dem Textstudium,
vermag die Skepsis zu beseitigen; man erkennt vielmehr, daß hier die Natur die
Geschichte des Werdens und der Bewegungen des Meeresbodens mittels ma—
gnetisch lesbarer Signaturen in die ozeanischen Gesteinstafeln eingeprägt hat. Der
Autor zeichnet an den Beispielen des Indischen Ozeans und anderer Meeresge—
biete diese geologische Geschichte nach. Die Driftbewegungen der Platten relativ
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zur Rotationsachse der Erde werden an Beispielen paläomagnetischer Polwande—
rungskurven, aber auch mittels typischer Änderungen in der Intensität und Form
der magnetischen Streifenmuster behandelt. Ergänzend und Zur StütZung der
erdmagnetisch gewonnenen Erkenntnisse geht der Autor auch auf wichtige Er-
gebnisse der Seismologie hinsichtlich der Subduktionszonen und der mechani-
schen Prozesse in den Rückenachsen und den Transform-Verwerfungen ein.
Ferner ist ein kurzes Kapitel den Zusammenhängen zwischen Ozeantiefe, Wärme—
fluß und Alter des Ozeanbodens gewidmet. Die Altersbestimmungen mittels der
erdmagnetischen Streifenmuster werden ergänzt bzw. verglichen mit den JOIDES—
Tiefseebohrungen: W0 die Sedimente durchteuft wurden, ist die Übereinstim-
mung der Altersangaben überzeugend.

Das dargestellte Material wurde aus zahlreichen Publikationen zusammen-
getragen (177 Literaturangaben). Der Text ist knapp geschrieben; die Abbildun—
gen nehmen entsprechend ihrer Bedeutung einen großen Teil des Buches ein. An-
stehende Probleme, wie z. B. die Existenz von Gebieten mit nicht korrelierbaren
Anomalien, werden angeschnitten, jedoch leider nicht weiter diskutiert. Auch ver-
mißt man den Hinweis auf bekannt gewordene Versuche, die Streifenmuster auf
andere Weise als durch sea-floor-spreadingl Zu deuten. Mit Rücksicht auf hart—
näckige Skeptiker wäre die Diskussion und der Versuch einer Widerlegung
solcher Vorstellungen nützlich gewesen. So erlebt der Leser die Plattentektonik
als eine „heile Welt“, im Prinzip überzeugt von der Richtigkeit des Konzepts,
jedoch etwas gelangweilt mangels geistiger AuseinandersetZung mit anders—
gearteten Vorstellungen, Einwendungen oder ungeklärten Fragen. Ungeachtet
dessen ist das Buch sehr empfehlenswert zur Information über den Stand der
Forschung und zur Urteilsbildung über die Zuverlässigkeit der Aussagen ma—
gnetischer Meereserkundung und paläomagnetischer Forschungsergebnisse, für
deren Zusammenstellung man dem Autor Dank schuldet, wie auch dem Verlag
für die hervorragende Ausgestaltung des Buches.

K. Strobach, Stuttgart

D. H. Tarling: Princip/e: and Application of Pa/aeomagnetz'ym.
London: Chapman and Hall Ltd. 1971. 164 S., £ 1.75.

Der Autor des Buches beschäftigt sich seit mehr als zehn Jahren mit Messun—
gen des Paläomagnetismus, und zwar am Department für Geophysik der Uni-
versität Newcastle, das seit Jahren ein Zentrum paläomagnetischer Forschungen
bildet. Der Schwerpunkt von Tarlings Forschungen lag dabei immer auf der Seite
der Anwendung für Geologie und Geomagnetismus. Dies spiegelt sich auch in
seinem Buch wieder: Der Hauptteil des Buches beschreibt die Methodik paläo-
magnetischer Messungen und deren Auswertung. Dabei ist auch die statistische
Behandlung paläomagnetischer Resultate ausführlich mitbehandelt. Dieser Teil
des Buches ist wohl ausgewogen und sehr verständlich geschrieben. Dagegen
haben die beiden Kapitel über Mineral— und Gesteinsmagnetismus geringeres
Gewicht. Dies mag freilich daran liegen, daß im Gegensatz Zur paläomagnetischen
Meß- und Auswertemethodik, die in ihrer Entwicklung weitgehend abgeschlossen
Zu sein scheint, der komplexe Gesteinsmagnetismus noch in der Entwicklung
steht. Besonders hervorzuheben ist die Einleitung des Buches mit einem zwar
gedrängten aber ziemlich vollständigen geschichtlichen Überblick der paläoma-
gnetischen Erforschung (im weitesten Sinn) des erdmagnetischen Feldes.

Zusammenfassend kann man sagen, daß das Buch als gut verständliche Ein-
führung in die Methode des Paläomagnetismus sowohl Geologen wie Geophysi-
kern empfohlen werden kann. Das Buch sollte in Bibliotheken der geowissen-
schaftlichen Fächer, der Physik und der Archäologie zu finden sein.

Nikolai Petersen, München
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