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40Ar—39Ar Ages of Rocks and Glasses from the Nördlinger Ries Crater
and the Temperature History of Impact Breccias

Th. Staudacherl, E.K. Jessberger, B. Dominik, T. Kirsten, and O.A. Schaeffer“
Max-Planck-Institut für Kernphysik, 6900 Heidelberg, Federal Republic of Germany

Abstract. We report on a 40Ar—39Ar study of hornblende, biotite,
and glass samples from the Nordlinger Ries impact crater. The
samples are derived from various depths (377—1,200 rn) of the
Forschungsbohrung 1973 drill core, from the ejecta blanket, and
the crystalline crater rim. A11 mineral separates display 40Ar—
39Ar plateau ages of 320i3 m.y. The data represent the first
direct age determination of the Ries bedrock. The plateau ages
of suevite and moldavite, both generated in the Ries impact,
date the cratering event which occurred 15 m.y. ago. The results
from the mineral separates imply that shock pressure alone,
even as high as 450 kbar, cannot reset K—Ar ages of hornblende
and biotite. This result is significant for the interpretation of
ages of impact breccias in general, and for the interpretation
of lunar highland rock ages in particular.

40Ar—39Ar studies yield, as a side result, data on the natural
loss of radiogenic 40Ar. In this report we emphasize on this
aspect to estimate the cooling history of the suevite layer. We
compare the measured 40Ar-loss to the loss calculated from
a simple cooling model of the layer and from the diffusion
properties of the minerals as obtained in the stepwise heating
experiment. The resulting upper limit for the post-shock equilib-
rium temperature within the suevite layer is 450° C.

Key words: Radioactive dating — Suevite — Impact breccia —
Cooling history — Nordlinger Ries — Forschungsbohrung 1973
— Lunar samples

Introduction

In the early state of the solar system, meteorite impacts have
fundamentally altered the surfaces of planetary bodies. On the
moon, collisions gave rise to the formation of the enormous
lunar ring basins and to sculpturing the lunar highlands. The
relative sequence of the formation of basins can be established
by photogeological means. The absolute time scales can be
inferred by radiometric dating of lunar rocks, mainly using the
40Ar—39Ar dating method (Jessberger et al., 1974; Kirsten and
Horn, 1975; Turner, 1977).

l Present address. Université de Paris 6 et 7, Laboratoire de Géochimie
et Cosmochimie, 4, place Jussieu, F-75230 Paris Cedex 05, France

2 Permanent address. Dept. of Earth and Space Sciences, State Univer-
sity of New York, Stony Brook, NY 11794, USA

* O.A. Schaeffer died on November 11, 1981

Reprint requests to. T Kirsten, Max-Planck-Institut filr Kernphysik,
Postfach 103980, 6900 Heidelberg, Federal Republic of Germany

In dating a lunar impact breccia which is normally produced
in a sequence of multiple impacts, it is necessary to evaluate
the response of the parent-daughter isotope system to shock
pressure, to the accompanying temperature rise during the im-
pact, and to the heat exposure after burial and compaction within
hot ejecta blankets.

The preponderance of certain age values in lunar highland
chronology suggests that a complete resetting of the K—Ar clock
may have occurred during the formation of large lunar ring
basins (Schaeffer et al., 1976). Elevated temperatures — either
before the impact at some depth or after the impact within
thick hot ejecta blankets —, heating during the impact process
or shock effects could all, in principle, be responsible. However,
in many cases multiple “local” impacts rather than one single
basin—forming event determine the age patterns (Kirsten and
Horn, 1975; Horn and Kirsten, 1977). This became particularly
evident from the consortium study of highland breccias 73215
and 73255 (James and Blanchard, 1976; James etal., 1978).
These breccias were most probably produced in the Serenitatis
basin-forming event (Ryder and Wood, 1977; Higuchi and Mor-
gan, 1975), but nevertheless display a wide range of ages of
individual components (Jessberger et al., 1976, 1977, 1978b;
Staudacher et al., 1979), all exceeding the age of the only two
dated clasts which were definitely molten during breccia compac-
tion (James et al., 1978; James and Hammarstrom, 1977). Only
these exceptional felsite clasts date the age of basin formation
(Jessberger et al., 1978b; Staudacher et al., 1979), all other brec-
cia constituents have not been completely reset at this occasion,
but rather have retained records of their per-basin history.

Clearly, a systematic investigation of the influence of large
impacts on the K—Ar system of the rocks involved in the impact
is urgently needed. Our approach is to use the best documented
terrestrial giant meteorite impact, the Nordlinger Ries crater
event, for a case study of these effects.

The 24 km-Ries crater was formed 15 m.y. ago (Gentner
et al., 1961) possibly by a stony meteorite (E1 Goresy and Chao,
1977). To study the vertical structure of the crater (Fig. 1), a
1,206 m deep drill core was obtained in 1973. A detailed descrip—
tion of the drill core is given by Gudden (1974) and Schmidt-
Kaler (1977).

From 0 to 324 m depth, post-Ries lake sediments cover a
suevite breccia layer (3244601 m). The latter can be divided into
a high temperature layer (324 m—525 m depth) and a low temper-
ature layer (525 m—602 m depth). The two suevite layers are
distinguished in that the content of molten glass is higher in the
upper layer (Bauberger et al., 1974; Stôffler et al., 1977). On
the other hand, the low temperature layer is characterized by

0340-062X/82/0051/0001/$02.20
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Fig. 1. Schematic cross section
through the Nördlinger Ries crater
(G. Wagner, unpublished). Note the
difference between horizontal and
vertical scales10 km
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the frequent occurrence of crystalline rock fragments and blocks.
Below the crater floor at 602 m (E1 Goresy and Chao, 1977),
mainly crystalline bedrock can be found. Near the crater floor,
the bedrock is highly fractured as a result of shock waves but
fracturing decreases with depth. At 1,200 m depth, the rock is
almost undisturbed.

Experimental

Samples

Amphibolites and gneisses have been selected for our 40Ar—39Ar
study. They represent all major drill core units and occur as
fragments and blocks in suevite and as massive basement rocks:

1) amphibolite (401 m) and gneiss (503 m) as fragments from
the high temperature suevite;

2) blocks of hornblende gneiss (571 and 585 m) from the
low temperature suevite;

3) amphibolites (603 and 637 m) from the compressed zone
of the crystalline basement rocks;

4) gneiss (1,201 m) from the drill core bottom, representing
undisturbed crystalline basement rock.

In addition, we have prepared and studied a sample of the
high temperature (377 m) suevite, a gneiss fragment from the
fallout suevite breccia of the “Otting” locality and an amphibo—
lite from the crystalline crater wall at “Meyer’s Keller”.

Hornblende and biotite were separated using heavy liquids
and magnetic separation. Chlorite enriched samples have also
been prepared. In the following, they are designated by the term
Chlorite. Care was taken to preserve the natural grain sizes of
the minerals as far as possible in order to prevent bias in the
degassing properties if the in situ situation is compared to the
laboratory situation. Some crushing is unavoidable in the prepa-
ration of mineral separates, therefore, the finest size fraction
has been rejected from analysis.

For sample identification, we assign code symbols H for
hornblende, B for biotite, C for chlorite mineral separates and
G for glasses. The code letter is followed by the sample depth
expressed in meters or by the symbols MK for Meyer’s Keller
or O for Otting.

The samples display a wide range of shock-generated alter-
ations. The latter imply impact pressures ranging from < 10 kbar
up to 500 kbar (Table 3). This was determined by microscopic
and SEM investigations applying criteria as established by
Stoffler (1971, 1972).

401 m — Amphibolite. The mineral assemblage (plagioclase, horn-
blende, chlorite, biotite, Opaques) is typical of a plagioclase—rich

amphibolite. A thin section reveals a granoblastic texture with
a wide range of grain sizes (5 um—3 mm; average 100400 um).
Plagioclase occuring as anhedral grains is strongly altered into
sericite. Prismatic, anhedral or subhedral hornblende grains as
well as biotite are chloritized. Chlorite in this amphibolitic frag—
ment is not always an alteration product of mafic phases. Instead,
it also occurs as large primary single crystals or flaky, sometimes
subrounded aggregates which may be as large as 3 mm in size.

The amphibolite is weakly shocked (pressure < 100 kbar).
The primary structure is deformed by common intergranular
microfractures and by parallel planar intergranular fractures of
hornblende. Sericitation of plagioclase and chloritization of
mafic minerals may have been promoted by shock in some cases,
but more often they appear to be due to diaphtoretic decomposi-
tion induced by tectonic forces (Graup, 1977).

503 m — Gneiss. This hornblende gneiss fragment is composed
of plagioclase, biotite, hornblende, quartz, and accessory constit-
uents such as sphene, apatite, and opaque phases. Grain sizes
range from 50 pm to 2mm. As in metamorphic Ries rocks,
plagioclase is sericitized and biotite is chloritized. This rock
shows the highest degree of shock among all fragment samples
selected by us from the drill core. All quartz and some feldspar
grains show planar elements. Biotite grains are strongly kinked,
some are oxidized. The presence of planar elements in plagioclase
indicates the shock pressure to exceed 150 kbar.

570 and 585 m — Gneisses. These gneisses are composed of horn-
blende, plagioclase, quartz, and the accessories sphene and
opaques. Mineral grain sizes range from 40 um—3 mm (average
size: 100—500 mm). The main constituents are hornblende and
strongly sericitized plagioclase. Quartz is present in small
amounts relative to feldspar. It forms single grains and veins
oriented concordantly with the schistosity. Opaque phases are
relatively abundant. Shock-produced, parallel oriented intergran-
ular fractures are present. Minute branching microfractures are
rare and visible in single grains only. Twins in plagioclase are
often displaced by shear. Hornblende and quartz often show
planar fractures. The above shock deformations suggest pres—
sures of 100—150 kbar, confirming previous observations of von
Engelhardt and Graup (1977) for this part of the drill core.

603 and 637 m — Amphibolites. These amphibolites from the com-
pressed zone (El Goresy and Chao, 1977) are weakly shocked.
They consist mainly of hornblende and plagioclase. Quartz, chlo-
rite, opaques, sphene, and apatite are accessory. The whole rock
as well as the single crystals are strongly fractured. Hornblende
shows typical planar microfractures visible in most of the grains.
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Quartz is usually damaged by inter- and intragranular microfrac-
tures. Plagioclase grains are deformed only by intergranular frac-
tures. This distortion of the primary structure was produced
by a pressure g 100 kbar.

1,201 m — Gneiss. Microscopic examination shows compositional
and structural features characteristic for gneiss. The rock consists
of sericitized plagioclase, quartz, chlorite with biotite relicts and
hornblende (grain size: 15 um—1.5 mm; average 200—400 um).
The only visible shock features are shock bands in biotite, sug—
gesting that the deforming pressure did not exceed 10 kbar.

Meyer’s Keller — Amphibolz‘te. From the crystalline crater wall
a shocked amphibolite has been studied. It consists mainly of
hornblende and glass (grain size 400 um—2 mm). A high degree
of shock is indicated by complete isotropisation of plagioclase.
There is no relation between phases and flow structures, suggest-
ing that the transformation took place in the solid state. The
glass is diaplectic. Hornblende grains are distinctly lighter in
colour than non-shocked hornblende in general. Pleochroism
is reduced. Planar fractures are still present. Strong oxidation
is due to shock-induced heating. The shock effects suggest that
the amphibolite was subjected to shock pressure of 300—400 kbar.

Otting — Gneiss. The collected gneiss fragment from the fallout
suevite “Otting” is composed of glass, biotite, and hornblende.
Sphene and apatite are accessory, but relatively abundant miner-
als (grain size 20 um—2.5 mm; average 200 um). The gneiss frag-
ment diSplays highly non-uniform shock effects. Part of the speci-
men is moderately deformed by a peak pressure of ~400 kbar.
As is the case for the specimen from Meyer’s Keller, plagioclase
and quartz are totally isotropized without melting. The biotite
shows strong kinking and is partly oxidized. The colour of the
hornblende is unusually light. Another part of the same fragment
is appreciably more deformed, corresponding to a pressure of
400—450 kbar. The glass consists of liquid state plagioclase glass
with flow structure and vesicles and of solid state quartz glass
with coesite. Such transitions from moderately to strongly

Table 1. Consistency of Bern 4 Muskovite and NL25,2 hornblende
monitors. The established K—Ar age of NL25,2 is 2,660i9m.y.
(Schaeffer and Schaeffer, 1977). Errors are 10

Sample 40Ar/39Ar Age (m.y.)

B4M=l=9 5.203i0.012 218.57: 0.2
B4M=l=10 5.180i0.014 518.5i 0.2
NL25,24=5 1,761.2 i9.2 2,709 i19
NL25,2:1:6 1,752.6 i9.0 2,702 i19
B4M$ll 5.216i0.013 518.5i 0.2
B4M21=12 5.195i0.012 518.5i 0.2

shocked microareas are not unusual. Typically, they result from
refraction and interference of shock waves.

40Ar—39Ar Dating

Monitor and Irraditz'on. For dating lunar and meteoritic samples
we generally use the NL25,2 hornblende standard (Schaeffer
and Schaeffer, 1977) with an 40Ar/“OK atom ratio of
0.3530i0.0022 and a K—Ar age of 2.660i0.009 AE, based on
the newly recommended decay constants and K isotopic compo-
sition (Steiger and Jäger, 1977). Since the Ries crater is compara-
tively young, ~15 m.y., NL25,2 is not an appropriate monitor
and we therefore used the Bern 4 Muskovite (B4M) standard
(Jäger, 1969). B4M has been analyzed in eleven laboratories,
yielding an average 40Ar/40K ratio of (1.0801L 0.006) x 10’3 cor-
responding to a K—Ar age of 18.5 i0.2 m.y. We compared B4M
to NL25,2 in a separate irradiation (K1/76). The capsule was
irradiated in the FR2-reactor in Karlsruhe, Germany, in a posi-
tion which should have the least n-flux gradient along the sample
ampoule. The measured 40Ar/39Ar ratios and the ages of the
NL25,2 samples calculated relative to B4M are listed in Table l
in the same sequence as the samples were stacked in the ampoule.
Relative to B4M, the K—Ar age of NL25,2 has been reproduced
reasonably well. The constancy of the 4°Ar/39Ar ratios of the
four B4M samples indicates that the neutron flux gradient is
below 0.5% along the 4 cm linear dimension of ampoule K1 /76.
The uncertainty introduced by the neutron flux gradient for
this irradiation is smaller than the statistical uncertainty of the
isotope ratios. The result also demonstrates the high precision
achievable in 40Ar—39Ar dating even in a case as unfavourable
as here, when the 40Ar/39Ar ratios of monitor and samples
differ by a factor of ~350.

The Ries samples were irradiated in five different irradiations,
K2—K4/76 and K1 + K2/77. K2—K4/76 ampoules were not placed
in the same position as Kl/76. Instead, they were stacked on
top of each other, separated by an empty capsule. In all irradia-
tions Ca was also included. The resulting correction factors
for Ca— and K—derived argon isotopes are listed in Table 2. The

39Ar cc(STP)
K

different in each ampoule, indicating a neutron flux gradient.
For the age calculation of Ries samples no neutron flux gradient
correction has been applied since only two B4M monitors had
been included in each ampoule because of space limitations.
Instead, the average CEP-value for each ampoule has been as-
signed an error which covers the measured extremes and is given
in Table 2.

ratios C§9 = as measured by B4M monitors are

Experimental Procedures

Before irradiation the samples were wrapped in high purity Al-
foil. Muskovite decrepitates at about 850° C, as indicated by

Table 2. Summary of conversion factors C13? and correction factors for Ca and K derived argon isotopes for irradiations Kl—K4/76 and
K1 +K2/77. Errors are 10

Irradiation Irradiation (36Ar/37Ar)ca (38Ar/37Ar)ca (”Ar/”Ark, (”Ar/”Ar)K C129
Number Time (h) x 10 ’4 x10 ‘4 x 10 4 >< 10 4 (10 '6 cc(STP)39Ar/gK)

K1/76 24 13.88i003
K2/76 8 7 4.44i0.04
K3/76 8 2.9i0.2 6.3i2.4 8.4i0.2 134i-

4.71i0.07
K4/76 8 4.16i0.15
Kl/77 5.86i006
K2/77} 12 3.1i0.2 16.0i4.8 10.7i0.3 156i-4

6.04i0.13
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Table 3. Summary of 40Ar—39Ar results for hornblende, biotite, chlorite, and glass samples from the Nordlinger Ries. The plateau range
gives the fraction of 39Ar that defines the plateau in the age spectrum. The shock wave pressure is estimated by microscopic examination
of thin sections following criteria given by Stoffler (1971, 1972)

Position K 40Arrad 40Aratm K—Ar age 40Ar—3’9Ar Plateau 40Armd loss shock wave
plateau age range pressure

(%) (10 8cc(STP)/g) (%) (m.y.) (m.y.) (%—%) (%) (kbar)

Ejecta

HMK amphibolite 0.50 692 3.3 318 ill 321.6 i106 3— 98 0.5 300—400

HO}
gneiss 0.51 675 11.0 274 i 5 310.8 i 4.8 24— 94 12.9 400—450

BO (suevite) 4.15 5,200 3.3 296 i— 6 323.2 i 1.9 24—100 8.9 400—450

Core above the crater bottom

B377 suevite breccia 1.89 2,421 4.2 302 i 3 322.9 i 2.4 22—100 7.0 n.d.
H401 am hibohte 0.92 1,181 3.5 275 i 3 308.8 i 3.0 16— 75 5.8 <100
B401 (suîvite) 3.61 4,514 30.1 296 i 5 _ _ _ <100
C401 0.50 625 28.8 293 i 7 325.9 i 3.4 28—100 10.8 <100
13503 miss 3.95 4,322 2.2 262 i 5 322.0 i 2.0 59—100 20.1 150—250
H570 Îsueviœ) 0.70 1,059 3.6 323 im 323.2 i105 3—100 0.2 100—150
H585 0.71 881 5.1 269 i 6 319.6 i 5.4 18— 98 16.2 §100
Core below the crater bottom, compressed zone

H603 Împîlîfhœ 0.32 462 3.7 316 i 5 317.4 i 4.9 5— 99 0.3 g100
H637 cry” me 0.81 1,134 4.2 315 i 3 317.0 i 2.8 2_ 92 1.1 5100

basement)

Undisturbed crystalline bedrock

H1201}
23:61:11. 0.67 949 3.5 319 i 4 321.5 i 3.7 9— 99 1.2 < 10

C1201 Cy a m 0.77 1,106 7.7 320 i15 323.5 i 6.2 3—100 — < 10basement)

Glass samples

GO suevite breccia 2.68 166 30.0 15.01L 0.3 l4.98-l_- 0.49 3— 92 — molten
GM moldavite 2.76 160 22.8 15.24: 0.2 15.21i 0.15 12—100 — molten

H=hornblende; B=biotite; C=chlorite; G=glass; MKzMeyer’s Keller; O=Otting; Numerals indicate the depth in the deep drill core
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Fig. 2. 40Ar—39Ar age spectra for eight hornblende mineral separates from the Nordlinger Ries. For sample identification see Table 3
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Fig. 3. 40Ar—39Ar age spectra for glass and chlorite and biotite mineral separate samples. For sample identification see Table 3

the high pressure of about 1 Torr in the extraction line at this
temperature. To prevent sparkling in the furnace, the B4M sam-
ples were wrapped in Au-foil before being loaded into the extrac-
tion system. Extraction temperatures for the mineral separate
samples range from 40(L1,500° C and up to 1,900° C for the
moldavite and the suevite glass samples. Cooling of the extrac-
tion furnace between temperature fractions is usually avoided.
The evolved gas was gettered over Ti at 750° C during extraction.
Further purification was achieved by a Ti-getter which cooled
from 750° C to room temperature, and by a pair of SAES getters.

Data acquisition, reduction, and correction followed our pre-
viously described routine (Jessberger et al., 1976). The volumi-
nous individual argon isotopic data may be obtained from the
first author on request.

Age and K/Ca Spectra

In Table 3 the 40Ar—39Ar data for the mineral separates and
glass samples are compiled. The corresponding age and K/Ca
spectra are shown in Figs. 2 and 3.

Hornblende. All age Spectra of hornblende separates have age
plateaux at about 320 m.y., extending over 3—5 release fractions
and comprising 60—95% of the total of 39Ar released. The K—
Contents range between 0.3 and 0.9%.

In the age plateau regions of all hornblende samples the
K/Ca ratios are also rather constant with an average value of
0.08. Only two spectra show clear evidence for losses1 of radio-
genic 40Ar, namely samples HO and H585. The losses are corre-
lated with high K/Ca ratios of up to 0.7 and are therefore most
probably not to be associated with hornblende but with a high
K-contaminant. The nominal 40Ar-losses from the other sam-
ples, mostly less than 1.5%, are regarded as insignificant. The
higher loss from H401, 5.8%, which is also accompanied by

1 The nominal 40Ar-losses are calculated from the total K——Ar (1,0,)
and plateau (tpl) ages by 40Arms: 100 >< [1 ——(e’“°t —— 1)/(eltpz _ 1)]

initially high K/Ca ratios, is taken as the upper limit since the
K—Ar age also includes the relatively young high temperature
ages (Fig. 2). The primary result from these samples, apart from
the inferred plateau age, is the observation that hornblende has
essentially lost no 40Ar in the course of the Ries impact.

Biotite and Chlorite. The biotite and chlorite samples (except
B401) also have age spectra with plateaux at ~320 m.y. The
age plateaux comprise 4—8 fractions and represent 41—97% of
the total 39Ar. The spectra are typical of samples which have
lost portions of their radiogenic 40Ar after their formation. Nom-
inal 40Ar losses range from 7%—20%.

The K/Ca-ratios of biotite show greater variations and are
much higher than for hornblende. The average K/Ca value is
~0.7. B401 has a disturbed age pattern which may be artificial
and due to the low sample weight, 4.9 mg, and the atmospheric
40Ar content of more than 30%. Nevertheless, the (total) K—Ar
age of B401, 296 m.y., is only slightly lower than the average
biotite plateau age of ~ 320 m.y. While the K-contents of biotite
show normal values between 1.9 and 4.2%, the K-contents of
“chlorite” are too high, which indicates that our samples are
not pure chlorite.

Glass Samples. The age spectra of the moldavite (GM) and the
suevite glass from Otting (GO) are shown in Fig. 3. The molda-
vite has a broad age plateau at 15.2 m.y. and includes four
temperature fractions which comprise 88% of the 39Ar. G0
has an age of 15.0 m.y. Unfortunately, this sample degassed
69% of the whole 3Q’Ar in the 1,200° C fraction.

Discussion

The glass samples dated, GM and GO, both yield the age of
the Ries event, 15.1 $0.1 m.y. which had already been deter-
mined much earlier by conventional K—Ar dating (Gentner et al.,
1961) and by fission track dating (Gentner et al., 1969).
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Table 4. Diffusion parameters, Q and Bo=Don2/a2, and maximum
post-shock temperatures, Tim, obtained for mineral separate samples
from the Nördlinger Ries. Sample nomenclature is the same as in
Table 3. The last column gives the extraction temperature of the first
plateau fraction

Sample Activation Bo“ T‚m Tplu,
energy Q [S 1l [°Cl [°Cl
(kcal/mol)

HMK 78.5 i 2.2 1 (8)—3 (8) 600—620 770
HO 42.9 i 2.8 1 (3)—4 (3) 470—550 940
BO 38.8 i 2.0 4 (2)—8 (3) 420—470 780
B377 64.0 i 5.2 1 (6)—4 (7) 380—460 800
H401 99.7i6.1 8 (lO)—2 (12) 640—700 1,020
C401 57.5 i 3.4 2 (5)—9 (5) 450—510 780
B503 50.3 i 2.2 3 (4)—6 (4) 410—450 1,000
H570 12454552 1 (l6)—2 (17) 590—630 830
H603 130.9i 6.1 2 (17)—8 (18) 700—740 930

a 1 (8) =1 108

The average of all plateau ages obtained for the mineral
separates is 320i 3 m.y. This includes the ages of the lower-most
samples, H1201 and C1201, which are almost unaffected by
the impact. The data represent the first direct age determination
of the Variscian pre-Ries bedrock. Apparently no geologic event
has totally reset the K—Ar clocks in these rocks in the last
320 m.y., even though the upper samples from the suevite layer
had been involved in the turbulent and vigorous cratering pro-
cess. Independent of the degree of shock features we find the
ubiquitous 320 m.y. plateau age for all samples which were not
totally molten as a result of the impact. This confirms and gener-
alizes our experiences in dating lunar impact breccias mentioned
in the introduction. With very few exceptions, only molten mate-
rials can be used to date impact events whereas whole rock
ages of non-molten materials often reflect the pre-impact crystal-
lisation age of the rock or else may yield chronologically insignifi-
cant mixing ages (Bogard et al., 1981).

The principal result of the Ries study was already reported
in a short communication (Jessberger et al., 1978 a). Here, we
focus on the post-impact temperature history of the samples
within the suevite layer based on the absence of 40Ar loss from
hornblende and on the moderate losses from biotite. We attempt
to estimate the maximum temperature experienced by the sam-
ples after their formation 320 m.y. ago.

The glass samples have evidently been molten during the
impact. Thus local zones of the ejecta layer must have been
very hot (~2,000° C). However, the typical dimensions of such
hot spots must have been small enough to allow very fast cooling,
thereby heating the surrounding rock fragments. If the minerals
in these fragments retained essentially all their pre-impact radio-
genic 40Ar, as is the case for hornblende, or if they were only
partially degassed, as in the case of biotite, then it becomes
possible to deduce the equilibrium temperature experienced by
the fragments from their Ar-retention properties.

K—Ar dating of biotite and hornblende from metamorphic
contact zones has revealed a substantially greater thermal stabili-
ty of hornblende as compared to biotite (Dallmeyer, 1975; Han-
son et al., 1975). The nearly identical plateau ages obtained in
the present study for biotite and hornblende mineral separates
provide strong evidence that the equilibrium temperature asso-
ciated with the impact did not exceed the biotite stability temper-
ature, neither in the suevite layer within the Ries crater, nor
in the excavated material. An extreme upper limit for the equilib-

Stepwise heating
of samples in the
laboratory

/
Diffusion experiment.
Determination of the gas-
diffusion properties of the
samples (activation energy 0;
frequency factor BO)

1
l”Ar-”Ar dating. Dete
mination of the L"’Ar l(
in nature if an age p15
is available

Model calculation of the Comparison
temperature variation in a of the
hot rock layer gas losses

\
Calculation of the theo-
retical l‘°Ar gas loss for
different initial temper—
atures

Fig. 4. Logical scheme for deducing the initial temperature of the
fallback suevite layer (see also Fig. 8)

rium temperature is provided directly by the experimental data:
The breccias have not been heated for longer than one hour
to the furnace temperature of the first plateau fractions which
ranges from 770° C—1,020O C (listed in Table 4 as T1910!)-

To extract a more restricted upper limit we make use of
the argon diffusion characteristic of the dated samples in taking
the stepwise degassing experiment as a diffusion experiment.
Basically, we compare the measured loss of 40Ar after 320 m.y.
or the absence of such a loss, if applicable, with the expected
4OAr loss calculated from the Ar diffusion parameters and from
a model of the cooling history of the suevite layer in which
the initial temperature serves as a free parameter. Then the actual
initial temperature results from the fit of the calculated and
the measured gas losses (Fig. 4).

The measured quantities F,- are the cumulative fractions of
40Ar released after i degassing steps. From

6 3
Fizn3/2 (Boy—P

(BI), (0._<_Fi§0.85) (Reichenberg, 1953)

. (1)
with (B t)i= Z B„t„ follows

n= 1

(Bt)i—(Bt)i_1
Bi=——t———

(Evernden et al., 1960)
l

The deduced values for ln(B,-) are plotted vs. 1/ T in Arrhenius
graphs from which the diffusion parameters B0 and Q can be
extracted as ordinate intercept and slope, respectively (Fig. 5).
The following notations are used:

27r
B0=Do Ë; D=Do CXp(—Q/RT);

and

n n

2
7CB =D ;;Dn=Doexp<—Q/Rm

D0=frequency factor; a==effective diffusion length; Q=acti-
vation energy; T=temperature; t=diffusion time; i=step
number.

The resulting parameters should describe the diffusion behav-
iour of the sample in nature provided that the neutron-irradiation
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Fig. 5. Arrhenius diagrams for nine mineral separates. For some samples, non—irradiated aliquots have been measured to assure that the
neutron-irradiation did not influence the diffusion properties. Extrapolation yields ordinate intercepts B0. Activation energies Q are deduced
from the slopes. Both B0 and Q are given in Table 4

in the reactor has had no effect. To test this prerequisite we
have performed stepwise extractions of non-irradiated aliquots
for a number of mineral separates. The respective Arrhenius
graphs for both, irradiated and non-irradiated samples, are
shown in Fig. 5. In the plateau regions above 800° C there are
no obvious discrepancies between the two. This implies that
the applied neutron dose, ~7-101° n/cmz, did not change the
diffusion parameters for those phases which degas their Ar in
the plateau region. The result does not contradict our earlier
finding (Horn et al., 1975) that more than 1018 n/cm2 strongly
influence the gas release curve of argon.

The diffusion parameters are calculated using the measured
amount of 40Ar released in the laboratory. If the Arrhenius
graph indicates two release regimes we have used only that re—
gime which corresponds to the age plateau and inferred the
diffusion constant B(T) by extrapolation to lower temperatures.
If we take into account the natural loss of 40Ar or else perform

the diffusion calculation with 39Ar, the resulting low temperature
values of B(T) are always higher, in some cases by orders of
magnitude. Higher B(T) results in faster diffusional loss at low
temperatures in the ejecta layer. High B(T) values from 39Ar
might be due to diffusion, e.g. along grain boundaries. There
is also no guarantee that the low temperature portion of the
gas release is not influenced by the sample preparation procedure
(Gentner and Kley, 1957) or the presence of impurities (cf. sam-
ples HO and H585). Consequently, we find it safe to extract
the diffusion parameters from those portions of the release where
we surely degas pure and undisturbed biotite and hornblende,
respectively, that is, the age- and K/Ca-plateau portions. Because
of these considerations, the later inferred equilibrium tempera-
tures are upper limits only.

For the temperature history of the cooling layer we assume
a constant temperature To of the hot layer immediately after
its deposition, initially 0° C at its base, and 0° C at its top bound-
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ary throughout. Using the solution of the heat diffusion equation
for these boundary conditions given by Carslaw and Jäger (1959)

d —d
T(x‚ t)=% T0 [2 erf (i) ~—erf (ï) —erf (x H

y y y

with y=1f 4K:+ (2)

we obtain the temperature profiles at later times (Fig. 6) as well
as the temperature history at given depths within the layer
(Fig. i"). In this notation, temperature (“(3) is expressed in units
of TITO, x is the depth below the top of the hot slab, K is
the thermal diffusivity of dry Ries suevite, 0.004 cmz/s (Pohl,
19??), and d is the slab thickness, taken to be 280 m. For the
ejecta blanket samples from outside the crater (HMK, HO, BO)
d is assumed, for simplicity, to be 10 m, although we note that
the thickness varies between 12 and 20 m at Otting and is un-
known at Meyer‘s Keller.

Next, the calculation of the gas loss from a sample in a
cooling layer is performed by using the diffusion properties (BÜ
and Q) and the temperature as a function of time at the position
of the sample within the layer. The cooling curves (Fig. 7) are

To = 1000 C, to

Calculate loss FD

LIS
F0 r- measured Mail—E—l Decrease To by 10°C

Next temperature step Ti
'—

for time interval t‚i

l
[Calculate tr, so that F%(T1,t%l =

F]
l

[Calculate F'T.'(T,.I,t5 +
tÎyl

i
total loss F = î F

If F > measured Insäl—E—

IS Ti s 20°C? o is the maximum
temperature—I

Fig. 8. Flow chart describing the computation of argon loss from
minerals within a cooling layer and the determination of the initial
temperature by comparison with measured gas losses

approximated by step functions, taking the average of two neigh-
boring temperatures T,=O.5 (T511 + T‘) where it”E and T"—1 are
separated by time I. To facilitate the calculation we decided
to use time segments which increase according to

t,:10‘5’ 2:1[5].
n= i

In principle, one could now calculate the gas loss for subse-
quent temperatures Ti and degassing times t,- according to the
following solutions of Eq. (1):

6 3F.=— (Bitum—r
n3);

F( .Biq) .Binggl

6
E21 ——2 exp(—B,t,) Bit}:- 1.

TE

However, before calculating the gas loss in the second step (1+ 1),
the gas loss of the first step (i) has to be taken into account.
With an initially homogeneous gas distribution within the miner-
al, the near surface sites will be more depleted in ‘mAr than
the interior sites after the first step. To approximate this situa-
tion, we calculate an apparent time t‘, which is the time required
to produce the same “Ar loss at the lower temperature Ti+1
as would occur within 1,- at T,- (see Fig. 8). The apparent time
ri is derived from the previous equation by solving for Bin and
dividing the result by the diffusion parameter 1'5:to exp (—Q/
R Ti“). The gas loss in the second step can now be calculated
for the time t,+1=tl+Ar,-+1 at the temperature Ty“. Ar,“
is the time required for the hot slab to cool from T‘ to T‘“.
This stepwise calculation is done as long as the sample releases
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40Ar. It will end if either the sample is totally degassed or the
temperature in the model is sufficiently low that subsequent
40Ar losses become insignificant.

The last step in estimating the initial temperature in the
suevite layer is to compare the calculated 40Ar-loss and the
natural gas loss determined by the 40Ar—39Ar dating experiment.
The upper portion of Fig. 9 summarizes the results. The curves
represent the relation of the gas loss during cooling from initial
temperatures between 900° C and 300° C. Also indicated are
the measured 4OAr-losses for the suevite samples as obtained
from the age spectra (Table 3).

The results of our calculations are shown in Fig. 9 (bottom).
As mentioned before, the calculated initial temperatures are
strictu sensu maximum equilibrium temperatures. For example,
for the amphibolite from 401 m depth, the hornblende data indi-
cate an initial temperature of ~670° C, while the data from
the chlorite enriched sample C401 yield ~480° C. Consequently,
it must be concluded that 480° C was the maximum equilibrium
temperature at this depth. C401 would have been totally degassed
with an initial temperature of 2550o C. It may be worth men-
tioning that these different upper temperature limits for the dif-
ferent minerals cannot be regarded as “disagreement” but are
fully consistent. The differences simply reflect differences of the
response sensitivity of the minerals in the temperature range
of interest. Uncontaminated hornblende has almost no 40Ar-loss,
and this corresponds to expectations for temperatures up to
a maximum of 670° C but, of course, the temperature could
have been lower as it is in fact the case by inference from the
biotite data.

The narrow range of the initial temperatures obtained for
samples from various depth (B377, C401, and B503) suggests
that the material involved in the formation of the suevite, if
it was not totally molten, as a whole did only experience the
rather low temperature of about 450° C. Hence, this temperature

must be regarded as the average equilibrium temperature after
deposition of the ejecta.

There is ample evidence that dating mono-mineralic portions
of impact generated rocks either yield the impact age if the
rock had been totally degassed (this study, lunar felsites 73215
and 73255; Scandinavian crater melt rocks: Bottomley et al.,
1978; Jessberger and Reimold, 1980; Muller and Jessberger,
1981), or a high temperature plateau age which corresponds
to the time of pre-impact crystallisation (this study; Jessberger
et al., 1974; Jessberger, 1979). If, however, whole rock samples
are dated, the complex argon release behaviour of differently
degassed minerals might obscure simple age patterns due to
superposition. Then the low and high temperature ages have
to be interpreted in terms of upper and lower limits, respectively
(Jessberger et al., 1976). This consideration removes the apparent
discrepancy between the results obtained in this study and those
by Bogard et al. (1981). These authors obtained isochron ages
between 19.7 m.y. and 27 m.y. (if two-point “isochrons” are
neglected) and a plateau age of 292 m.y. Their result for a whole
rock sample from Otting, 20.2 m.y., has, in particular, to be
compared to our plateau ages of 311 m.y. and 323 m.y. for horn-
blende and biotite, respectively. Besides biotite and hornblende,
their material contained shock-fused feldspar as the major K-
bearing phase. In a recent experiment (Jessberger and Ostertag,
in press 1982) we have demonstrated that up to at least 450 kbar,
probably up to 525 kbar, shock-effects on the K—Ar clock of
feldspar are as minimal as they are on biotite and hornblende,
as shown in this study. 80 it is again concluded that only molten
materials give an age similar to the age of the Ries event, 15 m.y.
(Table 3).

In a joint effort with the 40Ar—3’9Ar experiments, Wagner
and Miller (1978) performed a fission track study of minerals
from the Ries drill core. Their data can be treated in a manner
analogous to the argon data. The degree of track fading corre-
sponds to the amount of argon loss. For a sphene from 377 m
depth and an apatite from 585 m depth the observed degrees
of track fading are 70% and 60%, respectively. Using track
annealing properties of these minerals (sphene: Naeser and Faul,
1969; apatite: Wagner, private communication) and the cooling
diagram of Fig. 7, we arrive at maximum initial temperatures
of 480° C at 377 m (deduced from sphene) and 240° C at 585 m
(deduced from apatite). This strongly corroborates the estimates
inferred from the argon study. The agreement of the tempera-
tures inferred from sphene and biotite B377, both from the same
depth, makes it probable that the deduced maximum equilibrium
temperature of the high temperature suevite layer is in fact the
true temperature to which these rocks were exposed. The maxi-
mum temperature for the lower suevite layer is given by the
apatite data to be about 250° C.

An estimate of minimum temperatures stems from paleomag-
netic data. Pohl (1977) found that in the high temperature suevite
layer the temperature exceeded the Curie temperature of magne-
tite, 580° C, that is, about 130° C above the estimates from the
argon and the track data. The discrepancy may be due to a
cooling of the suevite layer much faster than assumed in our
model, e.g. due to groundwater penetrating the layer. The heat
diffusivity used in the cooling model applies for dry suevite
only (Pohl, 1977). We have performed calculations of the initial
temperature for a wide range of heat diffusivities (K from 0.004
to 0.8 cmZ/s). They show that, e.g. for sample B377, an increase
ofK by two orders of magnitude would result in a 95° C increase
of the initial temperature (from 420° C to 515° C). For the biotite
from Otting, the same increase of K would rise the initial temper-
ature from 445° C to 590° C.
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Summary

1) The age of the Nördlinger Ries impact, obtained from
a moldavite and an impact glass sample, has been confirmed
to be 15.1:0.l m.y.

2) The K—Ar systems in hornblende and biotite are remark-
ably stable against shock pressures of up to 450 kbar.

3) The common plateau age of the mineral separates from
drill core samples as well as from ejecta rocks dates the Ries
bedrock to be 320 m.y. old.

4) From the argon data as well as from fission track data
(Wagner and Miller, 1978) a maximum average equilibrium tem-
perature of about 450° C is inferred for the upper fallback suevite
layer and the fallout suevite, and about 2500 C for the lower
fallback suevite.
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Tectonic Inferences of Paleomagnetic Data from Some Mesozoic Formations
in Central Iran

Hans Wensink
Department of Structural Geology and Paleomagnetic Laboratory, Utrecht State University, Budapestlaan, 3508 TA Utrecht, The Netheriands

Abstract. Material for paleomagnetic research has been collected
from sedimentary rocks of Mesozoic age from four localities
in Central Iran. Detailed paleomagnetic analyses have been car-
ried out using partial progressive demagnetization procedures
both with alternating magnetic fields and with heating in order
to isolate the characteristic remanence. The following results
were obtained: Early Triassic Sorkh Shales with D: 289°, 1: 21 °,
r1595: 14°; Late Jurassic Garedu Red Beds with D=4°. I=42°,
a95=14°; Late Jurassic — Early Cretaceous Bidou Beds with
D248“, 1: 32.5“, 0:95:19“; Middle Cretaceous Dehuk Sand—
stones with D2326“, I: 38.5“, 0:95:21“. The large 0:95 values
are due to the rather small collections of specimens, roughly
50 each. From the paleomagnetic data we conclude that in Early
Triassic times Central Iran, which forms part of the Iranian-
Afghan micro-continent, belonged to Gondwana; since Early
Jurassic times the area has been positioned close to the Eurasian
continent. The scatter in the declination of the remanence direc-
tions can be explained in terms of rotations of individual blocks
along the main Central-Iranian fault systems.

Key words: Paleomagnetism — Demagnetization procedures —
Continental drift — Alpine tectonics _ Iran

Introduction

Sedimentary rocks of Mesozoic age, collected at four localities
in Central Iran, have been the subject of paleomagnetic research
(Fig. l).

1. Near Espakh, about 40 km SE of Tabas, thin-bedded red—
dish shales are exposed and these alternate with pale reddish
limestones. These rocks belong to the Sorkh Shale Formation.
This formation, with a maximum thickness of 123 to, forms
the central part of the Tabas Group, a sedimentary sequence
ranging in age from Middle Permian to Middle Triassic. The
Sorkh Shales are probably of Early Triassic age (Stocklin et al.,
1965).

2. East of Shirgest, near the village of Hassanabad, reddish
silty shales and sandstones are found in a few isolated hills.
These sediments belong to the Garedu Red Beds. Ruttner et al.
(1968) report that near the Garedu Lead Mine, about 25 km
further to the NE, these sediments have a thickness of up to
470 m. The sparse fossils point to a Late Jurassic age, most
likely Kimmeridgian to Tithonian.

3. Dark brown sandstones alternating with shales are exposed
in the core of the Nassirabad syncline along the Kerman —
Ravar road, about 10 km NE of Deh Ziar. These sediments
belong to the Bidou Formation, which has a thickness of more
than 1,500 m in the Gav syncline, 25 km to the N. Limestone
intercalations in this mainly detrital formation contain some
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Fig. 1. Map of Central Iran showing the main faults. The sampling
localities for paleomagnetic research are indicated by numbers 1—4.
1, Sorkh Shales (Early Triassic; WSS sites); 2, Garedu Red Beds (Late
Jurassic; WSG sites); 3, Bidou Formation (Late Jurassic — Early Creta-
ceous; WSJ sites); 4, Dehuk Sandstones (Middle Cretaceous; WSK
sites)

fossils, the age of which seems to range from Late Middle Jur-
assic to very Early Cretaceous (Huckriede et al., 1962).

4. East of the Shotori Range, about 1.5 km N of the village
of Dehuk, one comes across brownish red sandstones and reddish
sandy limestones. Stocklin et al. (1965) report a maximum thick"
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Fig. 2. Diagrams showing the progressive demagnetization of specimens from WSS sites of the Sorkh Shale Formation, with alternating magnetic
fields (AF), with AF and subsequent heating, and with heating only: WSSA 5, WSSE 3A1, and WSSD 9, respectively. The plotted points
represent successive positions in orthogonal projection of the end of the resultant NRM vector during progressive demagnetization. Solid
and open circles denote the projections on a horizontal and on an east-west vertical plane. The numbers represent with AF treatment, the
peak strength in mT (l mT=10 Oe), and, with heating, the temperature applied in °C. In the diagrams each unit on either axis represents
0.5- 10‘3 A/m (5- 10‘7 emu/cc). The characteristic remanence is obtained if the vector of remanence is a straight line which is directed towards
the centre of the coordinate system and which decreases in length only, without changing its direction during subsequent steps of progressive
demagnetization

ness of 210 m. The sediments have yielded fossils, mainly Orbito-
linas, which are thought to indicate an Albian-Cenomanian age.

Structural History of Central Iran

The area of Central Iran is strongly influenced by tectonism.
Platform sediments were deposited during Late Precambrian,
Paleozoic and Mesozoic times, but not during the Jurassic. The
sedimentary sequence is not affected by any significant orogenic
event before the end of the Triassic but there are indications
that strong tectonic movements occurred in Late Triassic times.
Angular unconformities between Triassic and overlying Jurassic
rocks are found at many localities in Central Iran. In the Early
Jurassic the N-S trending “ Shotori Swell”, a horst-like structure

came into existence; this structure has influenced the subsequent
sedimentary history of the area. In Jurassic times a few troughs
developed, which received piles of sediments, usually over
1,000 m thick. Although in Late Jurassic times a tectonic event
occurred, more important crustal movements took place in the
Early Cretaceous; these movements occurred mainly in the wes—
tern parts of Central Iran. The deformation phase that took
place at the Cretaceous-Tertiary boundary is usually held respon-
sible for the main structural features; but, in some regions in
the N and in the NE of Central Iran the orogenic movements
reached their climax in Late Eocene to Early Oligocene times
(Stocklin, 1968, 1974; Stocklin et al., 1965; Ruttner et al., 1968).

Central Iran is intersected by a number of fundamental faults
that are still active. The exact age of these faults is unknown;
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Fig. 3. Equal area projections showing the characteristic remanence
directions of specimens from sites WSSC, WSSD, and WSSE, and
the mean directions of 5 WSS sites with their overall mean. All projec-
tions are provided with 95% ovals of confidence. Open symbols denote
upward-pointing directions; closed symbols denote downward-point-
ing directions. The cross marks the downward—pointing local direction
of the present axial geocentric dipole field

however, they definitely were already active during the tectogene-
sis in Mesozoic times. Important faults are the NW-SE trending
Kuhbanan Fault and the N-S trending Nayband Fault (Fig. l).

Paleomagnetic Procedures

Both oriented hand samples and oriented cores were collected
from the sediments; the cores were obtained with portable dril—
ling equipment. In the laboratory we made cylindrical specimens
with a diameter of 25 mm and a length of 22 mm and these
were measured on a superconducting magnetometer. We applied
progressive partial demagnetization procedures both with alter-
nating magnetic fields (AF) and with heating. Many specimens
were progressively heated subsequent to a progressive AF treat-
ment.

The paleomagnetic data obtained from the measurements
were collected automatically via a microcomputer system de-

signed by J. van den Berg; subsequently these data were compiled
on the Control Data Cyber 175 computer of the Utrecht State
University. C.G. Langereis revised the computer programs for
the analysis of the paleomagnetic data.

We have used a graphical method in orthogonal projection
to present the successive results during the partial progressive
demagnetization of a specimen (Zijderveld, 1975; Roy and La-
pointe, 1978).

Paleomagnetic Results from the Sampling Localities

General

Here the paleomagnetism is described taking the material from
each locality in turn. We shall also discuss the reliability of
the final results. The consequences of the paleomagnetic data
for the original positions of the sampling localities and for the
configuration of land masses at the time of the deposition of
the sediments will be examined in the following section.

Sorkh Shale Formation

The Sorkh Shale Formation is presumed to be of Early Triassic
age. From the sedimentary layers which dip steeply to the SW
and to the WSW and are even partly overturned we collected
10 hand samples and 27 cores at 5 sites (WSSA—E). All 51 speci-
mens available were subjected to paleomagnetic analyses.

Progressive demagnetization procedures were applied to all
specimens. We treated 36 specimens with AF demagnetization
in 8—14 successive steps up to 300 mT (3,000 Oe) peak value
(Fig. 2, WSSA 5). However, even after treatment in fields of
300 mT peak value many specimens still had rather high intensi-
ties of natural remanent magnetization (NRM) of up to 50%
of their initial values. In all, 33 specimens were subsequently
subjected to further analyses with progressive heating in 4—
10 successive steps up to temperatures above 600° C. This re-
sulted in a rapid decrease in the NRM intensity; moreover,
we noticed that quite often during heating the direction of the
NRM changed slightly (Fig. 2, WSSE 3A1: 2 diagrams). We ap-
plied progressive heating only to 15 specimens in 10—14 succes-
sive steps with a maximum of 680° C (Fig. 2, WSSD 9). We
could isolate characteristic remanences in 43 specimens. The
characteristic remanence directions of the specimens of three
individual sites and the mean directions of magnetization of
all sites included in the ultimate analysis with the overall mean
direction are all plotted in equal area projections (Fig. 3). The
paleomagnetic results are listed in Table 1.

Table l. Paleomagnetic data from the Sorkh Shales of Early Triassic age near Espahk

Sites Strike-dip E N AF Th AF + Th D I k a95

WSSA 145—85 1 5 (1) — 2 3 286.9 34.6 60 12.0
WSSB 141—84 3 8 (2) — 3 5 283.0 20.8 29 14.3
WSSC 141—84 — 6 (0) 2 3 1 286.5 12.3 31 12.2
WSSD 141—87 1 11 (4) — 3 8 278.4 12.4 32 8.7
WSSE 168—100 2 21 (1) 1 4 16 310.5 22.3 23 7.4

Strike and dip denote the attitude of the layer from which the samples were collected: dip direction is 90° clockwise from strike direction.
E and N are the number of specimens excluded from and included in the ultimate analysis, respectively, with — between brackets — the
number of specimens with upward directed inclinations (reversed). AF, Th, and AF+Th are the demagnetization procedures applied to
the indicated number of specimens, with alternating magnetic fields, heating, and alternating magnetic fields and subsequent heating, respectively.
D and I are the declination and inclination in degrees of the characteristic magnetization direction after correction of tilt. k is the precision
parameter; ocg5 is the semi—angle of the cone of 95% confidence, in degrees (Fisher, 1953)
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Fig. 4. Demagnetization diagrams of specimens from WSG sites of the Garedu Red Beds after application of AF (WSGB 1A), after subsequent
heating of the same specimen (WSGB 1A), after AF and subsequent heating (WSGA 1, in one diagram), and after heating only (WSGC
41). Each unit on either axis of the diagrams represents 1 -10"3 A/m (1 -10_6 emu/cc). See also caption to Fig. 2

Thermal progressive demagnetization reveals that both nor-
mal and reversed characteristic remanence directions occur. In
fact we come across both polarities in four sites. However, our
section of Sorkh Shales is fairly short, and shows a series with
a thickness of not more than 50 m. We believe that this rapid
change in polarity is not in conflict with earlier observations,
for in Triassic times the earth’s magnetic field changed its polar-
ity several times (Burek, 1967).

We can try to apply a fold test, because the individual sites
correspond to sediment layers with varying attitudes. The statis-
tics reveal values of 169° and 14.2o for 0(95, before and after
tectonic correction, respectively. Though not positive on the 95%
level, the outcome of the test is sufficiently convincing.

In View of the fact that reversals are present and the fold
test has a convincing result, we conclude that the isolated charac-
teristic remanence directions of the Sorkh Shales are primary
NRM directions, which the sediments acquired during deposition
or shortly afterwards.

Garedu Red Beds

The sediments of the Garedu Red Beds of Late Jurassic age
dipping E to SE gave us 20 hand samples at four localities
(WSGA—E). All 52 cylindrical Specimens obtained from these
hand samples were subjected to progressive demagnetization pro-
cedures. We applied AF demagnetization to 18 specimens in
10 successive steps up to 250 mT peak value. After a maximum
field strength had been applied it became evident that the NRM
intensity had decreased by only 30—40% in relation to the initial
NRM intensity. Subsequently, these 18 specimens were heated
in 12 successive steps up to 675°C (Fig. 4, WSGB 1A: two
diagrams). A second group of 17 specimens underwent AF treat-
ment in only 3 steps up to 50 mT peak value, and were then
heated in 10 successive steps up to 675° C (Fig. 4, WSGA 1).
Thermal analyses only were applied to 17 specimens in 11 succes-
sive steps up to 675° C (Fig. 4, WSGC 41).

From the orthogonal projections we learn that most speci-
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Fig. 5. Equal area projections showing the characteristic remanence direc-
tions of specimens from sites WSGA, WSGB, WSGC, and WSGD, and
the remanence directions of the mean directions of these four sites with
the overall mean, all provided with the 95% ovals of confidence. See also
caption to Fig. 3
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Fig. 6. Demagnetization diagrams of specimens from WSJ sites of the Bidou Formation with AF treatment (WSJA 2), and with AF treatment
and subsequent heating (WSJD 5A). Each unit on either axis represents 1- 10“4 A/m (1- 10‘ 7 emu/cc). See also caption to Fig. 2

mens contain a secondary component of magnetization of small
intensity and with a low coercive force; usually, this component
is aligned according to the present direction of the earth’s mag—
netic field. AFs of some tens of mT or heatings up to about
250° C are enough to remove this component (Fig. 4). The char-

acteristic remanence directions of the specimens of individual
sites and the mean direction of individual sites with their overall
mean are plotted in equal area projections (Fig. 5). The paleo-
magnetic results are listed in Table 2. We found characteristic
remanence directions with normal polarities only.
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Table 2. Paleomagnetic data from the Garedu Red Beds of Late Jurassic age near Hassanabad

Sites Strike-dip E N AF Th AF+iTh D I k 69,

WSGA 33—85 4 6 — 3 7 26.6 47.1 56 8.1
WSGB 33—42 — 9 — 2 7 2.7 43.1 49 7.4
WSGC 628 — 15 — 5 10 356.7 35.6 36 6.4
WSGD 59—34 — 18 — 7 11 353.4 37.8 74 4.1

For explanation of symbols see Table 1

.. l.

Fig. 7. Equal area projections showing the characteristic remanence
directions of specimens from sites WSJA, WSJB, WSJC, WSJD, and
WSJE, and the remanence directions of the mean directions of these
sites with their overall mean. See also caption to Fig. 3

It is possible to apply a fold test, because there is a scatter
in the attitudes of the strata from which the samples were collect—
ed. After tectonic correction the value of a95 only decreases
from 144° to 139°. However, we see in Table 2 that the charac-
teristic remanence direction of the WSGA site deviates slightly
from the directions of the other sites. After elimination of the
WSGA site, the values of a95 are 16.6o and 8.l°, respectively,
calculated before and after tectonic correction. The results of
the fold test indicate that the characteristic remanence is of
pre—tectonic origin; the primary origin of the magnetization can-
not be demonstrated, because of the absence of reversals.

Bidou Formation

The strata of the Bidou Formation are of Late Jurassic to Early
Cretaceous age. A collection of 31 cores and 3 hand samples
was made at five sites (WSJA—E) in the layers which dip steeply
to the N and locally are even overturned. This furnished us
with a total of 39 specimens for the paleomagnetic analyses.
We applied an AF treatment to 15 specimens in 12 successive
steps up to 200 mT peak strength. The remaining 24 specimens

received an AF treatment in only 3 successive steps up to 50 mT
peak value, and were subsequently heated up to 660° C in a
maximum of 10 steps. With AF demagnetization up to applied
fields with a maximum strength of 50 mT, the NRM intensity
usually decreased to about 50% of its initial value (Fig. 6, WSJA
2). The application of stronger AF however resulted in a very
slow decrease in the NRM intensity. The demagnetization graphs
show that the characteristic component of remanence becomes
isolated after treatment with AF of 50 mT peak strength, or
after heating at about 250° C (Fig. 6, WSJD 5A).

The diagrams for specimens treated with progressive AF
ranging from 100 mT—200 mT peak strength Show irregular pat-
terns (Fig. 6, WSJA 2); these irregular paths can be explained
in terms of the introduction of a component of gyromagnetic
magnetization: viz. a disturbing remanence that magnetic materi-
al can acquire during AF treatment (Bankers and Zijderveld,
1981). To prevent the introduction of this magnetic component,
the secondary group of Specimens was treated with AF up to
50 mT peak strength only; these specimens were subsequently
treated thermally (Fig. 6, WSJD 5A). After application of a tem-
perature of 580° C the NRM intensity was reduced to about
5%; further heating had no effect. Therefore, magnetite is prob-
ably the main carrier of remanence here.

The characteristic remanence directions are plotted in equal
area projections (Fig. 7) and the paleomagnetic data are listed
in Table 3. Note that all specimens reveal remanence directions
with upward-directed inclinations.

The result of the application of a fold test is not promising,
because of the large scatter between the mean remanence direc—
tions of the sites (Table 3). Nevertheless, the test is slightly posi-
tive with values of 195° and 19.2o for 0195 before and after
tectonic correction, respectively. The remanence directions de—
viate markedly from the present direction of the axial geocentric
dipole field; for the Bidou sediments, however, a primary reman-
ence cannot be proven.

Dehuk Sands tones

In the sediments of Albian-Cenomanian age near Dehuk, the
strata of which dip partly towards the NE and partly towards
the W, 42 cores were drilled at 6 sites (WSKA—F). A total of
57 specimens has been subjected to paleomagnetic analyses. We
applied progressive AF procedures to 39 specimens. A group
of 12 specimens was treated in 9 successive steps up to 200 mT
peak strength. We found that with AF treatment the NRM
intensity decreased very slowly; after application of peak fields
of 200 mT 80% of the initial NRM intensity was still present.
These 12 specimens were subsequently treated by heating in
10 successive steps up to 660° C. The remaining 27 specimens,
treated with AF, were given 6successive peak fields up to
100 mT; subsequently thermal analysis was applied in 10 succes—
sive steps up to 645° C (Fig. 8, WSKC 4). We carried out thermal
treatment only on 18 specimens in up to 15 successive steps;
the maximum temperature applied was 680° C (Fig. 8, WSKE l).
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Table 3. Paleomagnetic data from the Bidou Rocks of Late Jurassic — Early Cretaceous age near Deh Ziar

Sites Strike-dip E N AF Th AF +Th D I K a9,

WSJA 278—78 — 7 3 — 4 62.5 —34.5 40 9.6
WSJB 271—92 1 6 3 — 4 30.0 —48.0 123 6.1
WSJC 290—82 — 7 3 — 4 33.6 — 33.7 17 15.0
WSJD 273—71 — 8 3 — 5 72.6 —23.7 47 8.2
WSJE 275—75 5 5 3 — 7 38.5 — 17.0 60 10.0

271—57

For explanation of symbols see Table 1. Samples of site WSJE were collected from layers with different attitudes

UP

WSKE 1

W
l
I

up
.4-

S
Fig. 8. Demagnetization diagrams of specimens from WSK sites of
the sediments near Dehuk with AF treatment and subsequent heating
(WSKC 4) and with heating only (WSKE 1). Each unit on either
axis represents 1-10‘3 A/m(l-10_6 emu/cc). See also caption to Fig. 2

Characteristic remanence directions could be isolated in
nearly all specimens except most of those from the WSKD site.
Site WSKD has been excluded in the ultimate analysis. The
characteristic remanence directions have been plotted (Fig. 9).
The paleomagnetic results are listed in Table 4. The characteristic
remanence directions derived from the specimens of site WSKB
deviate strongly (Table 4). We have no explanation for this;

Fig. 9. Equal area projections showing the characteristic remanence
directions of specimens from sites WSKA, WSKB, WSKC, WSKE,
WSKF, and the mean directions of the sites with their overall mean.
See also caption to Fig. 3

site WSKB is located about 2 m above site WSKA in the same
rock sequence, and for both sites we applied the same tectonic
correction. The result for site WSKB has been excluded from
the computation of the ultimate mean direction of remanence.

The scatter in the attitudes of groups of strata permits the
application of a fold test. The test is positive, because the values
for 0(95 are 33.2° and 21.4o before and after tectonic correction,
respectively. The characteristic remanence has a pre-folding ori-
gin; its primary direction cannot be proven.

Implications from the Paleomagnetic Data

General Aspects

The mean characteristic directions of magnetization derived from
sediments of Mesozoic age from four localities in Central Iran
are listed in Table 5. The corresponding virtual pole positions
are listed in Table 6. The positions of these poles are very scat-
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Table 4. Paleomagnetic data from the Dehuk sediments of Middle Cretaceous age near Dehuk

Sites Strike-dip E N AF Th AF '+ Th D I K 895

WSKA 320—54 2 9 — 3 6 347.5 28.9 95 5.3
WSKB 320—54 1 8 — 2 6 25.3 — 21.2 53 7.7
WSKC 314—42 — 11 — 3 8 337.6 32.6 87 4.9
WSKE 205—40 — 7 — 3 4 304.4 40.5 15 16.1
WSKF 205—43 — 11 — 3 8 308.8 45.8 56 6.1

For explanation of symbols see Table 1

Table 5. Mean characteristic remanence directions of rock units of Mesozoic age from Central Iran

Locality Rock unit Age E N D I K a95

Espakh Sorkh Shales Early Triassic — 5 288.9 20.8 30 14.2
WSS

Hassanabad Garedu Red Beds Late Jurassic — 4 3 9 41.6 45 13 9
WSG

Deh Ziar Bidou Formation Late Jurassic— — 5 48.2 — 32.5 17 19.2
WSJ Early Cretaceous

Dehuk Dehuk Sandstones Middle Cretaceous 4 326.1 38.5 19 21.4
WSK

E and N are the number of sites excluded from and included in the ultimate analysis, respectively. See also caption to Table 1

Table 6. Virtual geomagnetic pole positions of rock units of Mesozoic
age from Central Iran

Rock unit Position Position of pole Paleo-
of rock unit latitude

(°N) (°W) (°N/ 5)
latitude longitude
(°N) (°E)

Sorkh Shales 33.3 57.3 21.6 33.8 11.0
WSS

Garedu Beds 34.0 56.9 79.4 142.9 23.9
WSG

Bidou Beds 30.7 57.0 23.0 173.5 17.7
WSJ

Dehuk 33.2 57.5 58.0 44.8 21.7
Sandstones
WSK

tered. We can compare the positions of these poles are very
scattered. We can compare the positions of our poles with the
pole positions of the same age of neighbouring continents, viz.
with those on the Eurasian (Fig. 10) and on the African (Fig. 11)
polar wander curves. However, none of the poles presented in
this paper coincides either with Eurasian or African positions
of poles of the same age. This implies that none of the Central
Iranian localities has a stable, unchanged position relative to
either Eurasia or Africa. The large scatter in the positions of
our poles might indicate that the various areas of deposition
performed individual movements.

In earlier papers (Wensink etal., 1978; Wensink, 1979) we
argued that the paleomagnetic data derived from rocks of the
Alborz Mountains in N Iran indicate that in Paleozoic and in
Early Mesozoic times the area was positioned off the coast of
Arabia. The greater part of Iran, probably with Afghanistan
attached — the Iranian-Afghan micro-continent (Krumsiek, 1976,
1980) — has formed part of Gondwana, being positioned at its
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Fig. 10. Map showing the apparent polar wander relative to northern
Eurasia in the course of 350 m.y., after Irving (1977)

northern edge (Becker et al., 1973; Soffel etal., 1975; Kursten,
1980). Paleomagnetic data from rocks of Jurassic and Cretaceous
age from the Alborz Mountains (Wensink and Varekamp, 1980)
indicate that at that time the Iranian-Afghan block was already
attached to Eurasia. In our opinion, the separation of Iran (prob-
ably with Afghanistan) from Gondwana and its subsequent shift
to the N took place in Late Triassic times during a period
of strong crustal movements.

We shall try to find out whether the characteristic remanence
directions of the rocks of Mesozoic age, presented in this paper,
can be explained in terms of rotations of corresponding blocks,
and whether the paleomagnetic data enable us to propose what
the original positions of the respective areas were relative to
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Fig. Il. Map showing the apparent polar wander of Gondwana relative
to Africa between 375 m.y. and 160 m.y. ago, after Irving (1977), and
the polar wander relative to Africa since that time. Open circles denote
the pole positions between 375 m.y. and 300 m.y. ago at intervals
of 25 m.y. ; fut! dots indicate the successive positions up to 160 m.y.
ago at intervals of 10 m.y.;q squares denote a few pole positions
of Africa after the initial break-up of Gondwana. Moreover, we see
the possible location of the Iranian-Afghan micro-continent relative
to Africa in Early Triassic times (210 m.y. ago); this location is based
on the remanence data derived from the Sorkh Shales

the distribution of land masses in the corresponding periods
of time. From the inclination of the mean characteristic reman-
ence direction of a rock sequence we can derive the paleolatitude,
viz. the latitude at which the rock originated. If we accept that
the sampling areas remained at approximately the same positions
within the main Iranian-Afghan block (although they may have
rotated), we can propose original positions for the entire micro-
continent for the successive periods. Paleolongitudinal positions
cannot be obtained from the paleomagnetic data. This leaves
us free to determine the paleolongitudinal positions of the locali-
ties under study. This freedom is restricted, because of the distri-
bution of the main land masses presented by Smith et al. (198l).

The localities will be discussed in succession.

Sorkh Shale Locat’iry

We shall discuss the different positions of the area where the
Sorkh Shales could have been deposited about 220—210m.y.
ago. From the inclination of the characteristic remanence direc-
tion we can derive both the paleolatitude of the sampling area
and the polar distance. For the Sorkh Shale area the paleolati-
tude is 11°, either N or S; the polar distance is thus 79°.

First we shall look at the possible location of the Iranian-
Afghan micro-continent in Early Triassic times relative to Gond-
wana, which implies relative to Africa, because Africa remains
in position in the various Gondwana reconstructions. The Gond—
wana pole was positioned at 68°53, 72°E 210 m.y. ago (Irving,
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Fig. 12. Map showing the distribution of land masses about 220 m.y.
ago (after Smith et al., 1981), and the possible position of the Iranian“
Afghan microcontinent. Asterisk indicates the locality where the Early
Triassic Sorkh Shales were sampled. Every 30° both the parallels and
the meridians are given with the equator in the middle of the map.
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1977), see also Figure 11. On the map of Figure 11 we have
placed the Iranian-Afghan block at a polar distance of 79° from
the Early Triassic pole, on the basis of the paleomagnetic data
from the Sorkh Shales. The block is placed in a position very
close to Africa, which is a likely position if at that time the
block formed part of Gondwana. Of course, this is not the
only possible location for the micro-continent.

Next we have drawn the Iranian—Afghan block on a map,
where the distribution of land masses 220 m.y. ago was recon-
structed by Smith et a1. (1981), with the sampling locality at
the paleolatitude of 11°S (Fig. 12). The position of the micro-
continent in Figure 12 is only slightly to the north of that in
Figure 11. The location of the micro-continent in Early Triassic
times in the southern hemisphere near to the Arabian coast
implies that this block still formed part of the Gondwana mega—
continent.

Regarding the possible, original position of the Sorkh Shale
area at 11°N latitude, we see in Figure 12 that there is ample
space for the area between positions to the north of Arabia
and positions to the north-east of Arabia. However, none of
these positions corresponds to the location of the Iranian-Afghan
micro-continent in the Gondwana reconstructions.

Garedu Red Beds Locality

The mean characteristic remanence direction of the Late Jurassic
Garedu Red Beds indicates that the paleolatitudinal position
of the sampling area was 24° (Table 6). These sediments are
unlikely to have been located in the southern hemisphere, be-
cause this would imply that after Early Triassic times Iran moved
from its position near the Arabian peninsula further to the SE.

In order to assess the location of deposition of the red beds
in the northern hemisphere, we have to consider the Eurasian
pole position about 160 m.y. ago, in Late Jurassic times (Fig. 10).



Fig. 13. Map showing the distribution of land masses about 160 m.y.
ago (after Smith et al., 1981), and the possible position of the Iranian!
Afghan microcontinent. Asterisk indicates the locality where the Late
Jurassic Garedu Red Beds were sampled

This pole is positioned at 76°N, 162.5°E (Irving, 1977). The
present polar distance between the area of sampling and the
Late Jurassic Eurasian pole is 61°. From the paleomagnetic data
we get a polar distance of 66°. Thus, relative to its present
location, the original position of the deposition area is possibly
5° to the SW. This implies that if translation movements with
considerable displacements did not occur within the Iranian
block with respect to the present position, then the entire block
160 my. ago was located about 5° to the SW.

In the configuration of land masses in Figure 13 160 m.y.
ago the number of possible positions for Iran-Afghanistan is
restricted because of the paleolatitudinal position of 24° estab-
lished for the sampling area. If the proposed configuration in
Figure 13 is approximately correct, the sampling area will have
performed only a very small counter-clockwise rotation with
respect to the main block.

Bidou Beds Locality

The paleomagnetic data derived from red beds of the Bidou
Formation of Late Jurassic to Early Cretaceous age indicate
a paleolatitudinal position of 18° for the area of deposition
(Table 6). First we shall discuss the possibility that the area
was in the northern hemisphere. The polar distance between
the area of sedimentation and its correSponding pole is 72°.
About 140 my. ago — the time of deposition of the Bidou sedi—
ments — the Eurasian pole was located at 73°N, 173°E (Fig. 10)
which implies a polar distance of 67° between this Eurasian
pole and the present location of the Bidou Formation. Therefore,
relative to the present situation, the area of deposition may
have had an original location about 5° to the SW. If we follow
the same line of reasoning as in the previous sections, we are
able to propose what the position of the micro—continent might
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Fig. l4. Map showing the distribution of land masses about 140 m.y.
ago (after Smith et al., 1981), and the possible position of the Iranian-
Afghan microcontinent. Asterisk indicates the locality where 1the late
Jurassic — Early Cretaceous Bidou Beds were sampled

have been 140 my. ago (Fig. 14). If this was the true location
we would expect from rocks 140 my. old a remanence direction
with a declination somewhat to the E of N and a downward
directed inclination during a period with a normal magnetic
polarity; if there was a period with reversed polarity we would
expect a declination somewhat to the W of S and an upward
directed inclination. Our sediments revealed an upward directed
inclination (—32.5°) and a declination of 48° (Table 5). This
implies that if during the deposition of the Bidou Beds the area
was situated in the northern hemisphere, the rocks were magne-
tized during a period with reversed polarity. Then the area must
have performed a large counter-clockwise rotation.

We shall now investigate whether or not the area may have
had a paleoposition in the southern hemisphere. The Late Gond-
wana pole 140 my. ago was located at 61°S, 73°E relative to
stable Africa. We see in Figure 14 that, because of the distribu-
tion of land masses about 140 m.y. ago, in ancient times the
Bidou area may have been located at 18°S latitude. We propose
that the entire micro-continent — with the Bidou area at a polar
distance of 72° from the African pole of 140 m.y. ago — was
close to the Arabian coast with the present meridians of Iran-
Afghanistan parallel to those of 140 my. ago. If so the position
of the micro-continent was slightly to the NE of its shaded
configuration in Figure 11. In this position the remanence of
rocks with an age of 140 my. has a direction with a declination
of roughly N or S. In the southern hemisphere the negative
inclination (—32.5°, Table 5) points to a period of normal mag-
netic polarity; then the declination was about N. In its original
position in the southern hemisphere not only did the Bidou
area perform an additional clockwise rotation, but the entire
block also shifted to the N.

We cannot draw a definite conclusion from the paleomagnetic
data derived from the Bidou sediments: the sediments may have
been deposited in the northern or in the southern hemisphere.
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Red Beds near Dehuk

The characteristic paleomagnetic data from the red—coloured sed-
iments of Albian-Cenomanian age near Dehuk point to a posi—
tion at a latitude of 22° during their deposition about 100 m.y.
ago (Table 6). First we shall investigate whether the Red Beds
could have been located in the northern hemisphere. The polar
distance between the sampling area and its corresponding pole
is 68° A hundred million years ago the Eurasian pole was posi-
tioned at 71°N, 157°E (Fig. 10) which implies a present polar
distance of 62° between the area near Dehuk and this Eurasian
pole. Thus, from the data available, including the land mass
configuration 100 m.y. ago after Smith et al. (1981), we see that
the original location of the sedimentation area with respect to
its present position could have been further to the SW A paleo-
magnetic study of volcanics of Cretaceous age from the Alborz
Mountains in N Iran revealed a remanence direction with a
declination of 33° (Wensink and Varekamp, 1980). If this value
is representative for the whole of Iran the Dehuk area must
have performed a counter-clockwise rotation of about 60°

We cannot rule out the possibility that the Dehuk area was
originally situated in the southern hemisphere. About 100 m.y.
ago the African pole was located at 600 S, 60°E. Relative to
this African pole, the polar distance of 68° puts the deposition
area in the present Indian Ocean, just off the coast of Somalia,
where at that time no other land mass was situated. However,
as we have seen, the Dehuk sediments revealed a positive inclina-
tion. A positive inclination in the southern hemisphere implies
that the earth’s magnetic field has a reversed polarity. But the
sediments were deposited during the Magnetic Quite Interval
when the earth’s magnetic field had a normal polarity; this inter-
val lasted from 108 m.y.—82 m.y. ago. Therefore, it is very unlik—
ely that the Dehuk area was originally situated in the southern
hemisphere.

Paleomagnetic Data from Mesozoic Rocks of Central Iran
from Recent Publications

Recently, Soffel and Forster (1980, 1982) have presented paleo-
magnetic data derived from rocks of Central Iran. As far as
their results from rocks of Mesozoic age are concerned, they
report that sediments from both the Nakhlak and the Naiband
formations reveal a remanence direction with D=271.7°, [2
45.9o The declination value corresponds with our result from
the Sorkh Shales, but the inclination value is higher than the
one we found. However, the Naiband sediments, which have
a very Late Jurassic age and which are deposited after the period
of tectonic unrest in the Late Triassic, are considerably younger
than the Sorkh Shales (Stocklin et al., 1965).

From the coal-bearing sandstones of Early to Middle Jurassic
age the authors report a mean remanence direction with D:
312.4°, I= 27.8° We believe that the paleolatitude of the deposi-
tion area of these sediments, which is about 15°, fits in rather
well with our conception of the successive positions of the Iran-
ian-Afghan micro-continent in Mesozoic times. Soffel and For-
ster (1980, 1982) have obtained a characteristic remanence direc-
tion with D: 347.6°, I= 384° from the Garedu Red Beds, which
are of very Late Jurassic age. This result also corresponds quite
well with our data derived from the same formation.

Conclusions

In previous papers we discussed the tentative concept that the
Iranian-Afghan micro-continent formed part of Gondwana untill

Late Triassic times. Some post-Triassic paleomagnetic data
(Wensink, 1979; Soffel and Forster, in press 1982), and the
stratigraphic arguments based on rocks of Jurassic and Creta—
ceous age support a link between the whole of Iran and the
land mass to the N of it since Early Jurassic times (Bratash,
1975). Most likely, this holds true as well for Central Afghanistan
(Krumsiek, 1980). The paleomagnetic data presented in this
paper are not in conflict with this concept. It is reasonable
to accept that the sedimentation regime of the Sorkh Shales
was in the southern hemisphere within the Gondwana supercon—
tinent, thus before the Iranian-Afghan block broke away in the
Early Triassic. The remaining sedimentary sequences, treated
in this paper, were most likely deposited in the northern hemi—
sphere after this break-away.

We cannot present exact, original positions for the three
post—Triassic sedimentary regimes relative to Eurasia, because
we are not sure about the precise paleolongitudinal locations
of these regimes. However, the possible positions are restricted
because of the distribution of land masses during the Jurassic
and the Cretaceous. Our paleomagnetic data lead us to believe
that the original positions of the areas were about 500—700 km
SW to SSW of their present locations. We do not know precisely
by how much the areas rotated. Soffel and Forster (in press
1982) have concluded that the entire Central Iranian area per-
formed a counterclockwise rotation. We conclude from our data
that the sedimentation regimes of the Bidou and the Dehuk
deposits did rotate considerably. This is not surprising, because
a number of fundamental faults traverse the area of Central
Iran (Fig. 1), along which minor blocks may have rotated.
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Palaeomagnetic Results from Lower Paleozoic Diabases and Pillow Lavas
from the Frankenwald Area (Northwestern Edge of the Bohemian Massif)

In—Soo Kim* and H.C. Soffel
Institut für Allgemeine und Angewandte Geophysik, Universität München, Theresienstrasse 41, D—8000 München 2,
Federal Republic of Germany

Abstract. In the Frankenwald area (northwestern part of the
Bohemian Massif, mean geographic coordinates: ll.72° E,
50.33°N), 15 sites of mostly Upper Devonian and partly older
(Late Ordovician) diabases and pillow lavas have been sampled.
The entire region has been affected by the Variscan Orogeny
(Sudetian Phase) causing folding, uplifting and a low grade re-
gional metamorphism. For 11 of the 15 sites, consistent mean
characteristic remanence directions (ChRM) could be determined
after AF demagnetization and application of various techniques
for vector separation. Thermal demagnetization, though partly
confirming the alternating field demagnetization results, was in
general not successful. The characteristic remanent magnetiza-
tion of 8 sites, all of reversed polarity, cluster together with
a mean direction at D=198.9°, I: ——17.2°(N:8, R: 7.877, k:
57.0, a95=6.6°) before tectonic correction. They become dis-
persed (k: 7.6) after tectonic correction indicating that the char-
acteristic remanent magnetization is syngenetic or younger than
folding.

Compared with the European APWP of Irving (1977), the
mean pole position obtained from the 8 sites (/1’=164.4°E,
@’=45.7°N,K=82.3,A95=5.5°)givesaPermianagetothe reman-
ence (270—240 m.y.). The magnetic overprint was probably caused
* Present address: Department of Geology, Busan National Universi-

ty, Busan 607, Republic of Korea

by the Variscan Orogeny 0f the region or possibly in connection
with the intrusion of the granites of the nearby Fichtelgebirge,
for which youngest cooling ages of 280 m.y. have been deter-
mined. The reversed characteristic remanence may be explained
by the reversed Kiaman interval (290—230 m.y.).

Key words: Palaeomagnetism — Bohemian Massif — Paleozoic
palaeopoles

Geology and Sampling

The “Frankenwald” in north-eastern Bavaria is a section of
the Saxothuringian Zone of the western part of the Bohemian
Massif. The geology of the area has been described by v. Horstig
(1964), and Wurm (1961, 1962). It consists of Paleozoic sedimen-
tary rocks (slates, limestones, greywackes and conglomerates)
ranging in age from the Middle Cambrian to Early Carbonifer-
ous time and volcanic rocks (diabases, diabase tuffs, keratophyrs)
with ages between the Ordovician and Early Carboniferous.

The entire region has been affected by the Variscan orogeny,
which caused folding and uplifting, mainly during the Late Car-
boniferous (Sudetian Phase). The intrusion of the granites in

Table 1. Sample locality name, geographic coordinates, age, rock-type, strike and dip of the strata

Site Locality Geographic Age Rock type Strike/Dip
coordinates
(°E/°N)

BL Blechschmiedhammer 11.690/50397 Ordov.? diabase 240/25 NW
BS Bad Steben ll.656/50.366 Late Devon. diabase 55/30 SE
D Diirrenwaid ll.571/50.347 Late Devon. diabase 160/35 SW
ER Erbsbiihl ll.677/50.3l6 Ordov. ? diabase 0/60 E
F Feilitzsch 11.934/50357 Ordov.? diabase 10/20 E

H Hof 11.880/50.330 Ordov.? pillow lava 320/25 NE
HB Hof—Bad 11.930/50.312 Ordov.? diabase 50/50 SE
HD Haidt ll.944/50.339 Ordov.? diabase 120/50 SW
HO Hofeck 11.881/50330 Ordov. ? diabase 50/40 SE
K Köditz 11839/50321 Ordov.? diabase 270/30 N

L Langenbach 11.592/50.374 Late Devon. diabase 140/20 SW
NA Naila ll.698/50.321 Ordov.? diabase 110/45 SW
NT Neutauperlitz 11.958/50.299 Paleozoic pillow lava 330/30 NE
RO Rothenburg 11.768/50.312 Ordov.? diabase 180/15 W
W Weidesgri‘m 11.747/50.298 Ordov.? pillow lava uncertain

(horizontal?)

0340-062X/82/0051/0024/801.00
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Table 2. Palaeomagnetic results

NRM

25

natural remanent magnetization; ChRM. characteristic remanent magnetization, before and after bedding correction; N: number of
samples; R: resultant vector; D: declination; I' inclination; k' precision parameter; a95, A95: semiangle of cone of 95% confidence; AF‘
optimum alternating field in mT; Â’, q)’ geographic coordinates of palaeomagnetic pole position; Dem, 1C0”: declination and inclination,
respectively, after bedding correction

Site NRM ChRM

N R D(° E) I(°) k 0695(°) N R D(°E) 1(°) k 06950) AF 11°13) 901° N) Dcon.(° E) Icon (°)

BL 21 12.1 215.3 —3.9 2.2 20.4 14 13.575 200.7 —— 19.3 30.6 6.8 30—40 mT 161.6 46.1 197.0 — 2.7
BS“ 12 11.8 294.7 79.5 65.1 5.0 not possible to isolate ChRM — — — —
D 26 14.4 179.5 72.7 2.2 18.7 11 10.296 195.8 ~14.4 14.2 11.2 3040 mT 169.1 45.1 182.1 ——31.9
ERa 14 12.1 21.2 74.8 6.9 14.2 not possible to isolate ChRM — — — ~—
F 30 25.0 220.6 84.6 5.8 10.6 9 8.833 196.9 —19.4 47.9 6.7 3045 mT 167.0 47.3 203.2 —15.9
Ha 22 21.0 241.1 83.3 20.5 6.6 not possible to isolate ChRM — — — —
HB 14 12.6 43.1 80.8 9.0 12.5 12 11.760 200.9 ——30.6 45.8 6.0 45—50 mT 158.0 52.2 239.1 —40.4
HDa 17 13.8 288.7 87.6 5.0 15.2 not possible to isolate ChRM — — — —
HO 28 23.6 231.6 79.8 6.1 10.7 5 4.962 184.4 —12.2 104.1 6.1 30 mT 185.7 45.7 203.3 —40.0
K 23 19.6 188.6 54.1 6.4 11.5 9 8.776 195.4 — 4.2 35.7 7.8 30—60 mT 171.5 40.0 196.9 +24.7
Lb 25 24.0 39.9 85.3 23.8 5.7 19 18.619 97.2 +84.4 47.2 4.7 30 mT 28.1 47.8 215.6 +73.3
NA 14 10.6 214.0 13.1 3.8 19.3 11 10.504 209.6 — 16.8 20.2 9.4 30 mT 150.9 41.6 219.0 —60.7
NTb 20 19.2 351.7 78.6 24.5 6.3 15 13.949 304.8 +71.8 13.3 9.9 50 mT 314.9 57.7 21.9 +628
R0 17 16.2 220.5 65.1 19.4 7.7 8 7.415 208.4 —19.7 12.0 14.3 30—40 mT 151.6 43.5 202.6 —26.2
WC 6 5.5 164.4 57.8 9.7 18.3 14 13.835 170.8 + 1.6 78.8 4.2 40 mT 203.5 38.3 170.8 + 1.6

8 7.877 198.9 ——17.2 57.0 6.6 A ——l64.4°E N28; R=7.085
(p — 45.7°N D: 203.7°

Mean ChRM direction before bedding K — 82.3 I = —25.4°
correction A95: 5.5o k :76; a95=17.9°

Mean pole Mean direction of ChRM
position after bedding

correction

3 Sites where no ChRM could be determined
b Discarded because of too steep an inclination
° Discarded because of uncertain tectonic position

the Fichtelgebirge (about 25 km SE of the investigated area)
occurred at that time and is believed to be responsible for a
anchi- to epizonal metamorphism of the Paleozoic rocks in the
Frankenwald area.

As mentioned above, the diabase volcanism occurred from
the Ordovician until Early Carboniferous times with strongest
activity during the Late Devonian. The ages of the volcanic
rocks (see Table 1) have been determined from the stratigraphic
relations with the fossiliferous sedimentary rocks. However, the
Ordovician ages are not certain and there are good arguments
(v. Horstig, 1964) that they are in fact mostly of Late Devonian
age.

A simplified geological map of the area is shown in Fig. 1
(modified after Wurm, 1961). The 15 sampling localities are
shown as dots. More details about the sampled sites (geographic
coordinates, age, rock type, strike and dip) can be taken from
Table 1.

From each site, a large number (see Table 2) of oriented
cores and hand samples have been taken. The very low magneti-
zation of the rocks allowed the use of a magnetic compass for
orientation.

Palaeomagnetic Measurements

Natural Remanent Magnetization, Q-Ratio

The measurement of the remanent magnetization has been car-
ried out with a Digico spinner magnetometer. All specimens
with a magnetization less than 0.5><10‘3 A/m have been dis—

carded (89 specimens=6.8°/o) in consideration of lack of pre-
cision of the magnetometer in our laboratory. Most specimens
had NRM intensities between 1—100 >< 10‘ 3 A/m.

The Koenigsberger ratios Q determined from an inducing
field of 0.474 Oe=47.4 uT have a maximum at Q=0.1, which
is about two orders of magnitude smaller than Q of Tertiary
volcanic rocks (e.g. Becker, 1978) and indicates that the primary
thermoremanent magnetization (TRM) of the diabases and pil-
low lavas may have decayed considerably or has been replaced
by a secondary magnetization.

Table 2 gives the mean directions of NRM of all sites. With
few exceptions, the precision parameter k was less than 10 indi-
cating a large scatter. Figure 2 shows the means of all sites
together with the cones of confidence. The present geomagnetic
field in the sampling area (asterisk) has no major influence on
the NRM directions. In only one case it is situated within a
cone of confidence (site ER). The means have a trend towards
a great circle distribution between a very steep direction with
positive inclination and a shallow direction with negative inclina-
tion in the third quadrant (site BL). This distribution of the
directions indicates that the NRM is composed of at least two
remanence components.

Demagnetization Experiments

Alternating Fiela’ (AF) Demagnetization. AF demagnetization
was made with a Highmoor AF demagnetizer (maximum field
1,000 0e: 100 mT). The occasional application of higher fields
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Fig. 2. Equal area projection of the site mean NRM directions together
with their (195 cones of confidence. All sites except site BL have a
positive inclination. Note the great circle distribution. Asterisk: direc-
tion of the present geomagnetic field in the sampling area

with a home made AF demagnetization apparatus (maximum
field: 2,500 Oe=250 mT) yielded no general improvement. As
it was very difficult to isolate a stable and consistent direction
ol'characteristic remanence (ChRM), different methods of analy—
sis (stable endpoint method (Irving, 1964), reversal test (Cox
and Doell, 1960), minimum scatter (Dagley and Ade—Hall, 1970),
vector differences (Roy and Park, 1974; Hoffman and Day,
1978) and Zijderveld diagrams (Zijderveld, 1967; Dunlop, 1979)
had to be applied simultaneously. Only sample means with an
internal precision parameter larger than 15 have been used for
the computation of a site mean direction. Furthermore the results
ofspecimens with a magnetization less than 0.5 x 10' 3 A/m have
been omitted (see above). Figure 3 shows some typical examples
of demagnetization experiments plotted in Zijderveld (1967) or-
thogonal vector diagrams (see also legend of Fig. 3). An example
of the presence of two almost antiparallel components of differ-
ent stability is given in Fig. 3a (Na 30/2/3).

Thernioi Demogneiizotion. Thermal demagnetization was carried
out using a nonmagnetic furnace described by Schweitzer (1975).
The laboratory field was compensated by double p-metal shield-
ing and Helmholtz-coils. This demagnetization method was ap-
plied in order to test the results obtained by AF demagnetization

Fig. 1. Geological map of the sampling area (simpli-
fied, after Wurm (1961)) showing sampling sites
(closed circles). Open circies: localities HOF, Naila
(N), Miinchberg (M).
a: Amphibolites and green schists; b: Lower Carboni-
ferous — Upper Devonian, mainly greywackes and
schists; c: Ordovician, mainly schists; d: granites of
the Fichtelgebirge, cooling ages from 280—310 my;
e: Devonian sediments, diabases and keratophyrs;
f: Lower Carboniferous; g: Gneisses of the Miinch-

00 berger Gneismasse

and to investigate all those sites where AF demagnetization failed
to yield a consistent direction. However, thermal demagnetiza-
tion was unsuccessful in many cases, as shown in Figure 3b
(specimen from site ER). This was mainly due to the instability
of maghemite (see below) at elevated temperatures.

Characteristic Remonent Magnetization ( ChRM)

The final results together with their statistical parameters are
listed in Table 2. The optimum peak alternating field in mT
is also given. For sites marked with a, no consistent remanence
direction could be obtained with any of the techniques mentioned
above. The sites L and NT have a mean remanence direction
very close to the NRM direction with a steep positive inclination
(even after tectonic correction, see below). They have been dis“
carded. The direction of site W is also apart from those of
the others and has therefore not been included in the computa-
tion of a mean ChRM direction. The remanence directions of
the other 8 sites are well grouped (see Fig. 4) and give a mean
of: D=198.9°, I: —17.2°, 16257.0 and 9:95:66“. It is noticeble
that all ChRM directions are of reversed polarity. We will refer
to this point later.

Application of Bedding Corrections

The diabases which have been sampled are located within compli-
cated geological structures. Strike and dip at each site is listed
in Table 1. The ChRM directions corrected for the bedding are
listed in Table 2. The 8 directions, well clustered, before bedding
correction become more diapersed by the correction, while the
mean value does not change very much. The exact figures can
be taken from Table 2. The precision parameter drops from
k: 57.0 before to k = 7.6 after bedding correction indicating that
the ChRM direction is of the same age or younger than folding
(Graham, 1949). We will discuss this again below.

Rock Magnetism and Polished Section Studies

The induced magnetization in a 300 mT field was measured as
a function of temperature (J/T-curves) in order to identify the
carrier of magnetization. The Curie temperatures were in general
between 500° and 560° C. Most curves show a sharp drop of
J at around 350° C in the heating cycle, but not in the cooling
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Fig. 3a, b. Remanence during stepwise demagnetization. Closed sym—
bols. horizontal components. Open symbols. plot of the horizontal
component y versus the vertical component 2. The directions refer
to an internal coordinate system of the specimens. Temperatures and
peak alternating field values are given in ° C and mT, respectively.
3 AF demagnetization ofa specimen from site NA showing antiparallel
remanence components. b Thermal demagnetization of a specimen
from site ER, where no consistent remanence could be isolated
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Fig. 4. Equal area projection of the site mean directions of characteris-
tic remanent magnetization before bedding correction. Open square.
mean direction with cone of confidence of 8 well grouped sites, omit-
ting sites W, L and NT Closed and open symbols. positive and negative
inclination, respectively

cycle. While the high Curie temperatures indicate a phase Close
to magnetite, the drop of J near 350° C is interpreted as due
to the destruction of maghemite or titanomaghemite. Only a
few measurements showed indications of a primary titanomagne-
tite. Therefore the low temperature oxidation products of titano~
magnetites, namely titanomaghemite and maghemite can be re—
garded as the typical magnetic ore minerals of the diabases of
this study. The presence of metastable maghemite also explains
why thermal demagnetization was less successful than AF de—
magnetization.

The presence of (titano) maghemite could also be confirmed
by polished section studies. Only site F showed indications of
a high temperature oxidation (exsolution lamellae). In all other
diabases the primary titanomagnetites were seriously altered by
low temperature oxidation (formation of titanomaghemite) along
margins and cracks. In the rocks yielding no consistent reman-
ence direction at all (BS, ER, H, HD), the primary ore content
was almost completely replaced by unidentified, partly transpar-
ent, in any case nonmagnetic minerals (pseudobrookite?). The
condition of the ore minerals makes the presence of a primary
magnetization, such as a TRM, very unlikely. Details of the
polished section studies can be found in Kim (1981).

Pole Positions and Conclusions

From the 8 consistently grouped ChRM directions the virtual
geomagnetic pole positions have been computed and listed in
Table 2. A mean palaeomagnetic pole postion at /l’=164.4°E,
ço’=45.7°N (Kz82.3‚ A9525.5°) was obtained. It’s position
(Fig. 5) is very distant from other European Early to Middle
Paleozoic pole positions and indicates that the ChRM is in fact
much younger than the ages of the rocks. A comparison with
Irving’s (1977) pole positions gives an age of ChRM of 250 m.y.
The cone of confidence (55°) and the course of the APWP
limits the age to between 240 and 270 m.y. This must be the
time interval in the sampling area when Variscan folding took
place or came to an end and when the primary ore content
could have been replaced by secondary ore minerals.

It should be noted here that all well grouped sites are of
reversed polarity and that the age of remanence points to the
Kiaman reversed interval (290 to 230 m.y. according to McEl-
hinny, 1973).

We conclude therefore that the Middle Devonian (or possibly
even partly Ordovian) diabases in the Frankenwald area have
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Fig. 5. Apparent polar wander path of Eurasia since the Devonian
(simplified, after Irving, 1977). Numbers are absolute ages in m.y.
Closed square with cone of confidence: mean pole position of this
investigation, derived from the characteristic remanence directions be-
fore bedding correction, showing an Upper Carboniferous to Middle
Permian age of remanence of the Middle Devonian diabases

been entirely remagnetized in Late Carboniferous to Middle Per—
mian during the Kiaman reversed interval of the geomagnetic
field. The remagnetization is probably related to the Variscan
Orogeny or eventually to the granitic intrusions at the end of
the Variscan Orogeny in that region (granites of the Fichtelge—
birge) with a youngest cooling age of 280 m.y. according to
Besang et al. (1976).

Since that time the different rock units have not been rotated
or tilted separately. Vertical movements of the block cannot
be excluded from the paleomagnetic data.

Our results seem to confirm the suspicion expressed by Creer
(1968) that most of the Paleozoic rocks from Europe and North
America have been remagnetized in Permo/Carboniferous times.
We think, however, that the remagnetization of the diabases
in the Frankenwald area is due to regional metamorphism during
the Variscan Orogeny. Van der Voo and French (1977) found
recently that the Ordovician red beds in northeastern America
have been remagnetized by the Appalacian Orogeny. It therefore
remains questionable whether Paleozoic rocks from Europe,
taken from regions which have been affected by the Variscan
Orogeny, can be used for reconstructions of the Paleozoic mobile
belts within Europe.

Finally, we want to draw the reader’s attention to the sites
which have been sampled near the town Hof (sites H, HB, HO,

Fig. 1). During Roman times, the name of Hof was Curia Var-
iscorum. From this the name of the Variscan Orogeny was taken.
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Abstract. Forty—seven Quaternary volcanoes in the East Eifel
were studied palaeomagnetically. Demagnetization experiments,
viscous remanent magnetization tests and ore-microscopic inves-
tigations show that the palaeodirections are reliable. The palaeo-
magnetic data allow several sites to be correlated with volcanoes
of known age. It is discussed that identical palaeodirections can
be used for dating purposes only under particular conditions
which are not fulfilled for the East Eifel data.

Key words: Palaeomagnetism — East Eifel — Quaternary volcan-
ism — Palaeomagnetic dating

Introduction

The Quaternary Bast-Eifel volcanic field (Laacher See area,
Fig. 1) comprises about 70 volcanic centers of basanitic, leuci-
titic, nephelinitic, tephritic and phonolitic composition erupted
during the past 0.7 m.y. (Schmincke, 1977; Schmincke and
Mertes, 1979). Forty—seven sites were studied palaeomagnetically
to asses the palaeosecular variation during the Brunhes epoch
(Kohnen and Westkamper, 1978) as well as to search for relations
between different volcanic sites in the East Eifel. Geological
investigations dating back to last century did not always lead
to unambiguous results in relating lava flows to well defined
centers of eruptions. Studies of heavy minerals in river terraces
(Frechen, 1976), loess stratigraphy (Windheuser and Brunnacker,
1978) or radiometric age determination (Frechen and Lippolt,
1965; Schmincke and Mertes, 1979) have established a frame-
work for the temporal evolution of volcanism. However, many
volcanoes have not been dated and there are discrepancies be-
tween different studies. The aim of this study is to relate undated
volcanoes to volcanoes of known ages as well as to asses indepen-
dently relative ages between volcanic centers deduced by other
methods. For this, all data available from previous studies are
used together with the palaeomagnetic results.

Geological Setting

The tectonic setting, composition and volcanic evolution of the
tectonic Neuwied Basin and the East—Eifel volcanic field was
discussed by Brauns (1928), Ahrens (1932), Frechen (1976) and
Schmincke and co-workers (Schmincke, 1977, 1979; and refer-
ences therein). The temporal evolution of volcanism is given
in Table 1, based upon geological age-estimates (Windheuser
and Brunnacker, 1978) and K/Ar-dates (Frechen and Lippolt,
1965; Schmincke and Mertes, 1979). The volcanic activity, which

spans the last 0.7 m.y., is confined to a small area of about
22 km x 30 km, with the caldera of the Laacher See at its center.
The volcanism commenced at about the same time as the onset
of the increased uplift of the Rhenish-Massif (Schmincke and
Mertes, 1979).

Laboratory Procedures

Between three and seventeen samples were drilled for palaeomag-
netic analysis from each of the 47 sites studied. Intensities and
directions of the remanent magnetization were measured using
a fluxgate spinner magnetometer (DIGICO). Routine AF-de-
magnetization techniques were applied to erase secondary com-
ponents of magnetization. Figure 2 shows typical demagnetiza-
tion curves. Most secondary components were small and could
be removed in alternating fields of 8—16 kA/m. The directional
stability of the remanent magnetization was tested by application
of the stability index of Symons and Stupavsky (1974). Site
mean directions of the characteristic remanent magnetization
(CARM) were obtained by applying alternating fields for which
this index was minimum, generally coinciding with the smallest
confidence angle a95.

Viscous remanent magnetization (VRM) tests were carried
out to prove the reliability of the palaeodirections. Selected sam—
ples were thermally demagnetized to determine unblocking tem—
peratures and thus the magnetic carriers. Grain size, modal com-
position and oxidation state of oxides were studied from polished
sections of representative samples.

Experimental Results

Magnetic Properties and Palaeodirections

The intensities of the natural remanent magnetization (NRM)
and the CARM as well as the directions and virtual geomagnetic
poles (VGP) of the CARM are listed in Table 2 together with
the standard statistical parameters N, k, 0695, dp, dm, susceptibili-
ty and Königsberger factor Q. The coordinates of the sites are
also given. In Figure 3 the site mean NRM intensity is plotted
against the site mean susceptibility 26- Both quantities vary widely,
but a correlation with rock type is apparent. The phonolites
are quite different from the other rocks presumably because
of their low iron content, resulting in lower intensity of NRM
and lower susceptibility. Basanites and tephrites tend to show
lower susceptibilities and higher values of the NRM and larger
Q-factors than nephelinites and leucitites. The reason for this
may be a greater amount of microscopically undeterminable
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single domain grains in the basanites and tephrites than in the
nephelinites and leucitites. Most of the basanites and tephrites
came from more quickly cooled cinder cones (agglutinates) and
lava flows, whereas many nephelinites and leucitites are from
thicker flows or intrusions believed to have cooled more slowly.
The determinable mean grain diameters differ only slightly and
cannot explain the variations in Fig. 3: 2.33 pm and 2.45 um
respectively (mean values from Table 3).

Site 25 is Tertiary volcano and therefore neglected for further
interpretation, as well as site 31 which probably is tectonically
disturbed. The other site mean directions are plotted in Fig. 4
together with the confidence circles. All directions are normal
and scatter around the direction corresponding to the field of
a central axial dipole which has a mean value in the East Eifel
of inclination=6?.5° and declination=0°.

Preliminary palaeomagnetic investigations made some years
ago in the East Eifel by Nairn (1962) resulted in site mean
directions similar to the results of the more extensive investiga-
tions presented in this paper.

Reliability of Results

The time correlation between undated and dated lavas using
statistical palaeomagnetic arguments, as outlined below, depends
crucially on the accuracy and precision of the CARM—directions.
We have, therefore, examined the influence of secondary compo-
nents of magnetization by applying VRM tests. Samples frarn
lavas in which strong secondary components were measured were
subjected to a constant dc-field of 500 A/m, following Lowrie

and Kent (1976). The VRM acquired in time it follows the rela-
tion VRM =S- log: as shown in Fig. 5. The value of the magnetic
viscosity coefficient S changed after a time of 2—5 h indicating
that at least two relaxation mechanisms were operative. Extrapo-
lating the steeper part of the curves to the ages of the volcanic
eruptions and the intensity of the earth’s field (Shimizu, 1960)
gives VRM-intensities which are at least 10 times smaller than
those of the NRM. Correspondingly, the time necessary to ac-
quire a VRM as great as the NRM would be orders of magnitude
greater than the ages of the volcanoes.

Stepwise thermal demagnetization of some selected samples
gave unblocking temperatures in the range of 250—600” C, indi—
cating that titanomagnetites dominate the magnetic properties
of these rocks. Anisotropy of directions can therefore be ne-
glected.

Type and oxidation of magnetic carriers (dominantly titano-
magnetite) were studied in polished sections. Table 3 summarizes
modal composition, mean grain diameter, and high temperature
and low temperature oxidation state indicated by maghemite
and hematite. The mean grain diameter was determined accord-
ing to Wilson et al. (1968). Subdivision of larger grains by exsolu-
tion, cracking or skeleted nature is neglected. The ores in the
phonolites consist of an undeterminable ore pigment, minor pheh
nocrysts being entirely granulated due to an intensive low tem-
perature oxidation. The granulation has most likely taken place
during the final phase of cooling because the rocks are very
young. -

Hydrothermal alteration has influenced most rocks studied.
Maghemite was found in 4 samples, sphene in 4 samples but
hematite in only one sample.



Table l. Ages of East Eifel lava as determined from radiometric age
determination and geological age estimates. Data from Schmincke
and Mertes (1979)
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Titanomagnetite, and the corresponding mineral phases at
the high temperature oxidation states, are present in all rocks,
ranging from 2.2—14.4 vol.%. The mean grain diameter does
not exceed 6.0 pm ranging between pigment and groundmass
ores in most samples. Large phenocrysts up to 1.5 mm in diame—
ter are present in seven rocks. The ore grains are mostly isometric
with a form factor dmax/dmm of about 1 to 2. A more detailed
discussion of the relation between ore microscopic parameters
and rock magnetic data in several East Eifel lavas is in prepara-
tion.

The measured CARM values represent a primary and fairly
stable magnetization because

a) viscous secondary components of magnetization are small,
b) magnetic carriers are mainly titanomagnetites at various

high temperature oxidation states exhibiting small effective mean
grain diameters, and

c) hematite is nearly absent.

Discussion of Experimental Data

As outlined above, the palaeodirections are attributed to the
original TRM of the investigated lavas and are used here for
geological interpretations along the following lines:

Comparison of different lavas, agglutinates (welded spatter)
and dikes erupted from and within, respectively, the same vol-
cano as based on field data. Cinder cones such as those in
the East Eifel and their associated volcanic rocks are generally
believed to have formed within a few days or a few months
to a few years. All rocks formed during such small time intervals
should show identical palaeomagnetic directions. If not, strati-
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graphic correlation may be faulty and more than one volcanic
center may be involved or the volcano was built during several
phases which should be detectable by geological or chemical
criteria.

Consequently, palaeomagnetic directions can offer valuable
stratigraphic information.

Correlation of Different Sites to Synchronous Volcanic Events
Using Palaeomagnetic Data

Different sites belonging to the same volcanic event should have
identical directions within the limits of error. A statistical mea*
sure to check the significance of directional identities is given
with the F—test. The value of the application of the F-test to
palaeomagnetic data has been demonstrated by McElhinny
(1967). All sites in question were subjected to the F—test, and
the following results were obtained:

Confirmed Correlations

l. A basanite lava flow outcropping at Thiir (30, 31) is be-
lieved by Ahrens (1930) to have issued from Hochstein Volcano
(14), about 5 km WNW. Identical palaeodirections confirm this
COI-relation, which is further supported by similarity in chemical
composition between Hochstein lava and the Thiir lava outcrop-
ping at Mendig.

2. A basanite lava flow (39) on the west flank of Korretsberg
and a scoria deposit near the top (40) believed to be part of
the same volcano (Ahrens, 1932; Moses, 197’8) have identical
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palaeodirections confirming that they were erupted simulta-
neously.

3. A basanite lava flow (42) that outcrops ca. 500 m SE
of Plaidter Hummerich and ca. 200 m N Haagsmiihle was be-
lieved to have issued from Plaidter Hummerich (41) scoria cone
by Ahrens (1932) and Moses (1978), a correlation confirmed
by identical palaeodirections.

4. A long leucitite lava flow issued from the large Hochsim-
mer Volcano (Ahrens 1930) was studied at three sites (15—17),
and identical CARM directions were obtained.

5. The nearby Ettringer Bellerberg Volcano is thought to
be the source for the widespread lava flow at Mayen (Ahrens,
1930); palaeomagnetic measurements at four different sites
(20423) gave identical directions.

6. A basanite lava flow that outcrops along the eastern cliff
of the Nette River was thought by Ahrens (1932) to have issued
from the Eiterktipfe group of volcanoes. Judging from palaeo-
magnetic directions, the Eiterkiipfe comprise a group of volcan-
oes active at different times but one (Eiterkfipfe 2, No. 45) has
CARM directions identical to those obtained from the lava flow
which was sampled ca. 2 km NNE in Piladt (44).

7. A basanite lava flow exposed along the freeway between
Kruft and Nickenich (3?) has directions identical only to those
of the lavas from the Roter Busch Volcano (33) about 1 km
WNW; accordingly we may assume that the lava flow comes
from this volcano.

8. Measurements on different volcanic rocks (lavas, dikes,
agglutinates) within the same volcano gave, in all cases, identical
directions. These results show that differences in K/Ar ages be-
tween dikes and lavas, as found for instance in Rothenberg
and Karmelenberg volcanoes, are due to factors such as excess
argon and are not real.

Discrepancy Benveen Geological! and Palaecmagnetic Date

1. Phonolite lava outcrops at Engelner Kopf and near the
town of Kempenich. Ahrens (1930) believed that both lavas
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Table 3. Results of the ore microscopic investigations. 2?: mean grain size diameter

EEL Number Rock type Ore i Oxidation Number Maghe- Granu- Sphene Hema— Pheno-
No. contents (um) M ( 1-6) J (1—3) mite lation tite crysts

(vol.°/o)

24 HB2B Nephelinite 8.7 3.6 3.9 — >< — — — >\
2 HL12B Nephelinite 4.8 2.8 5.6 — — — >< — x
2 HL9 Nephelinite 4.9 2.6 1.06 — >< — — — —

10 SB39A Leucitite 2.2 1.5 1.2 — x x — — —
12 SB2A Leucitite 3.0 1.7 1.0 — >< — — — —
32 KO2B Tephrite 14.0 2.0 6.0 — — — >< — x
22 MYII4B Leucitite 14.4 2.2 2.5 — — — — — x
20 ETXII7 Leucitite 4.6 2.6 2.9 — — — —— — —
29 NM12 Tephrite 2.9 2.4 2.8 — — >< — — ><
17 Si112A Leucitite 4.1 2.7 1.3 — >< — — — —
28 VT4A Basanite 3.6 2.0 3.0 — — >< — — —
30 TH2C Nephelinite 4.8 2.1 3.0 — >< — — — —
42 PH205B Basanite 4.5 1.7 2.6 — >< >< — — —
41 PH31B Basanite 5.8 2.1 1.1“ — x — — — —
26 KK16 Basanite 4.1 1.8 2.5 — — x — — —
26 KK4A Basanite 2.9 2.1 6.0 — >< — — — —

9 BB1 Basanite 2.5 1.9 1.0 — x — — — —
7 MK2A Leucitite 2.9 2.1 4.1 — — — — — —

36 SA7B Basanite 4.8 1.7 1.2 — x — — — —

35 NS4B Basanite 3.8 1.7 6.0 — — — >< — —
33 RB7A Basanite 9.0 3.7 4.5 — — — — — ><
27 ML3 Basanite 3.2 3.1 4.5 — x — — — —
19 R0139 Basanite 2.1 3.0 1.4 — — — — — —
19 RO3A Basanite 3.5 2.3 1.1 — — — — — —
14 HST/5 Nephelinite 8.3 3.1 1.8 1.0 >< — — >< —

1 PKlA Phonolite n.d. n.d. titanohematite and granulation (ore pigment) x
45 Ei20A Basanite 5.9 2.5 5.5 — — >< >< — —
44 PL10B Basanite 5.6 2.4 4.8 — — — — — —
37 KR12 Basanite 12.3 3.6 2.8 — — — — —
39 KB8B Basanite 4.7 3.6 5.0 — — — — — —
39 KB2A Basanite 7.2 2.2 3.7 — — — — — —

5 OL5A Phonolite n.d. ore pigment, seldom phenocrysts, but then completely granulated
3 KP3B Phonolite n.d. ore pigment, phenocrysts granulated (Q 7.5 pm)
8 SC5B Phonolite n.d. ore pigment, phenocrysts granulated (Q 0.38 pm)
4 EKlA Phonolite n.d. ore pigment not determinable, in some cases hematite
6 SL5A Phonolite n.d. ore pigment granulated, pyrite

34 HU3A Basanite 3.5 2.3 3.4 — — — — — —
34 HU7B Basanite 2.8 1.7 2.2 — — >< — — —
38 FK9 Basanite 4.4 2.1 5.0 — — — — — —
25 SK6 Alkalibasalt 5 .0 1.9 1.0 — >< — — — —

a Ilmenite surrounding titanomagnetite grains; n.d.: not determinable

belong to the same volcano, the former being a plug, the latter
lava erupted from a fissure. Palaeomagnetic directions from En-
gelner Kopf (4) and a road cut at Kempenich (3) are significantly
different suggesting that both occurences were emplaced with
at least a several thousand years hiatus.

2. The basanitic Veitskopf volcano in the NW corner of
the Laacher See basin is believed to be the source for two lava
flows: one to the southeast, exposed near the lake shore (28),
and the more extensive flow (Mauerley, 27) to the north. Palaeo-
magnetic directions of these occurences are quite different, indi-
cating longer lasting activity of the Veitskopf volcano because
no other source is known for these flows.

Correlation of Independent Volcanoes
Using Palaeomagnetic Data

For all sites being correlated the resulting mean virtual geomag-
netic pole (VGP) was calculated for more detailed analysis. The

combined data are listed in the lower part of Table 2. Figure 6
shows the remaining independent VGPs with their confidence
ovals. Obviously many volcanoes may be of same age, as the
confidence ovals of their VGPs overlap. However, the agreement
of the VGPs may not be due to a similar age of the volcanics,
but may be attributed to an accidental coincidence as a conse-
quence of the secular variation. The probability for the latter
is appreciable because the volcanic activity spans a time of rough-
ly 0.7 m.y. This time difference corresponds to 70 cycles of the
secular variation if a period of the dipole wobble of 104 years
(McElhinny and Merrill, 1975) is assumed as the main part
of the secular variation. The distribution of the VGPs obtained
is Fisherian (Kohnen and Westkamper, 1978). Therefore, the
probability of accidental coincidence is particularly high at the
North Pole and diminishes with decreasing latitude. Below we
discuss whether this statistical behaviour may be used to calculate
a probability for accidental coincidence (or coevalness, respec-
tively) from the palaeomagnetic data. This would give further
criteria for stratigraphic correlations.
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Table 4. Coinciding VGPs of similar age. N: number of VGPs belong-
ing to the group considered, 2: number of secular variation cycles
possibly encompassed

Group No. Site N Age (m.y.) z

Ia 7 Meirother Kopf 3 0.57...0.75 18
14 Hochstein
15 Hochsimmer

Ib 7 Meirother Kopf 3 0.62...0.75 13
8 Schorenberg

l4 Hochstein

IIa 1 Perler Kopf 3 0.38...0.6 22
2 Hannebacher Ley
4 Engelner Kopf

11b 1 Perler Kopf 4 025.06 35
2 Hannebacher Ley
4 Engelner Kopf

35 Nickenicher Sattel

IIc 2 Hannebacher Ley 3 0.39. ..0.6 21
4 Engelner Kopf

24 Herchenberg

III 26 Kunkskopf 3 0.15.. ‚0.37 22
36 Sattelberg
46 Eiterkopfl

IV 9 Bausenberg 3 0.25 . . . 0.4 15
19 Rothenberg
34 Nickenicher Humm.

V 32 Krufter Ofen 2 0.19...0.35 16
41 Plaidter Humm.

Statistical Considerations

Two or more volcanoes may be of the same age if the confidence
ovals of their VGPs mutually overlap. The probability P that
two poles fall into an area, defined by their coordinates and
confidence ovals, can be calculated using the formula of Fisher
(1953). Consider a group of n VGPs in such an area, the probabil-
ity is P”. A small value of P"_1 means that the probability
is low for the VGPs to fall into the given area. Conversly,
1 —P"“1 being large means that the probability for a nonacciden-
tal conformity of the VGPs is high. The considered volcanoes,
therefore, may be coeval on a statistical basis.

If the timespan of the volcanic activity covers several cycles
of secular variation, this has to be taken into account for the
calculation of the probability: a VGPs may fall into the area
during one secular variation cycle, b VGPs during another one,
etc. If a+b+ + +x=n is the total number of poles considered,
PazPa‘l, ..., P,,,.=P"’l are the probabilities of subgroups of
poles falling into the area during different secular variation cy-
cles. The probability for all subgroups doing this is:
P,=H,-~ -PY=P“’1---Px_1=P"—Z, where
Z is the number of subgroups possible, which clearly equals
the number of secular variation cycles within the timespan given
by radiometric and geological datings. Further, Z is limited by
the number n of VGPs.

P, only has values <1 if the number of poles considered
is greater than the number of secular variation cycles. Groups
of VGPs with mutually overlapping confidence ovals are taken
from Figure 6 and listed in Table 4. The last column gives the
number z of secular variation cycles, which are possibly encom-
passed, as deduced from the age determinations (Table 1). Ac-
cording to McElhinny and Merrill (1975) a 104 years period

is assumed for one secular variation cycle, long enough to yield
a Fisherian distribution of VGPs. In all cases the number z
of secular variation cycles is larger than the number n of poles
within a group. Consequently, there are no statistical arguments
to conclude on the basis of palaeomagnetic data that the VGP
groups can be attributed to coeval volcanic events. The overlaps
are caused with high probability by the secular variations of
the magnetic field.

These examples show that even perfectly coinciding, reliable
poles from different volcanoes belonging to the same polarity
epoch cannot be used for reliable dating purposes.

Conclusion

Stratigraphic and radiometric methods applied to the Quaternary
East Eifel volcanics do not lead to unambiguous assesment of
their ages in all cases. The application of palaeomagnetic meth-
ods resulted in the successful correlation of several volcanic sites
to volcanoes of known age but in most cases palaeomagnetic
data alone were not sufficient for secure dating. It has been
shown that these volcanic rocks can be satisfactorily dated only
by combining all three methods.
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The Effect of Young Oceanic Regions on Frequencies
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Abstract. Long-period records of great earthquakes during
1972—1980 are analyzed. Several of the travel paths include an
appreciable proportion of young oceanic regions. We include
first results from a new long-period seismometer STS installed
at the Saint-Sauveur Seismological Observatory. Using the verti—
cal component we have estimated the quality factor Q and phase
velocity C from the damping and frequencies of spheroidal oscil-
lations. An effect of lateral heterogeneities on the different paths
is displayed, and the variations of the two sets of values are
well correlated. The contribution of young oceans in the source-
receiver great-circle paths seems to have the greatest influence,
compared to the effect of the other regions. A scheme of regional—
ization gives an estimation of the corresponding pure-path dis-
persion, with phase velocities low by 1% in the range 150—350 s.

Key words: Free oscillations — Regionalization — Phase velocities
— Q quality factor

Introduction

Accurate attenuation measurements of seismic energy will pro-
vide important information about the anelastic properties of
the Earth’s interior; studies of attenuation data often show great

* Contribution I.P.G. N° 568

scatter due to difficulty in estimating amplitudes. Some progress
has been made in Q estimations, allowing enhanced resolution
(Bolt and Brillinger, 1979). Indeed, estimations of periods and
damping of free oscillations show large variations, which may
be partly caused by lateral inhomogeneities in the Earth, to
which the amplitudes of mantle waves would be particularly
sensitive (Jobert et al., 1978).

By now, global average Earth models constructed from global
observations, including Q ‘1 of mantle waves, are well developed
(Zharkov et al., 1974; Deschamps, 1977; Nakanishi, 1981 ; Sailor
and Dziewonski, 1978; Anderson and Hart, 1978 and more re-
cently the Preliminary Earth Model (PREM) of Dziewonski and
Anderson (1981)).

A further step is the search for lateral inhomogeneities and
the maximum depth at which they may exist. By determining
the response of an earth with a laterally heterogeneous anelasti-
city, Dahlen has established in a recent report (1981) that the
apparent attenuation of free modes depends only on the average
attenuation structure underlying the source-receiver great-circle
path. Thus regionalization of Q of free modes has a theoretical
basis, in the same sense as that of velocities.

Global studies of great-circle velocities C have suggested that
several “pure-path” regions can be distinguished (Wu, 1972,
Okal, 1977; Lévêque, 1980; Jordan, 1980; Silver and Jordan,
1981)

The purpose of the present study is to test the sensitivity

Table 1. Events, stations and percentages Pn of great—circle paths lying in each of four structural regions:
1 “young ocean” 2 “01d ocean” 3 “shield and platform”, 4 “tectonic” (after Lévêque, 1980; see text
for fuller explanation)

Location Date Station P1% P2 % P3 0/o P4 %

1 Sumbawa Islands 19. 08. 77 CMO (IDA) 5.8 25.8 18.8 49.6
2 Sumbawa Islands 19. 08. 77 HAL (IDA) 6.3 15.4 37.5 40.8
3 New Britain 27. 02. 80 SS (IPG) 7.5 22.1 23.3 47.1
4 Celebes Sea 11 06. 72 MLS, SS 14.2 23.7 17.5 44.6

(IPG)
5 Argentina 23. 11. 77 RAR (IDA) 14.2 28.3 17.9 39.6
6 Argentina 23. 11. 77 KIP (IDA) 19.2 50.0 10.4 20.4
7 Sumbawa Islands 19. 08. 77 RAR (IDA) 22.1 33.7 21 7 22.5
8 Philippines 02. 12. 72 MLS, SS 15.4 21.2 19.2 44.2

(IPG)
9 Sumbawa Islands 19. 08. 77 GAR (IDA) 22.1 20.8 24.6 32.5

10 Sumbawa Islands 19. 08. 77 VA (IPG) 20.0 23.8 25.4 30.8
11 Mexico 29. 11. 78 HAL (IDA) 25.2 40.8 10.8 23.2
12 Macquarie Islands 07. 02. 80 SS (IPG) 30.4 35.0 18.3 16.3
13 Mexico 30. 01. 73 SS (IPG) 34.2 37.0 7.1 21.7
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of the observed C and Q to such tectonic models, searching
for the existence of a correlation between the two sets of determi-
nations and determining the regions whose influence is predomi—
nant in the period range considered (150 5—350 s).

Data and Methods

Our digital data are those of the 1.P.G.P. long period data acqui-
sition system (Blum and Gaulon. 197l) and of the free mode
channels ofthe stations of the IDA network (Agnew et al., 1976).
Locations of events and stations are shown in Table l.

The vertical seismometer constructed by E. Wielandt and
G. Streckeisen (Wielandt, 1975; Wielandt and Streckeisen, in
press 1982), was tested for one year in our Saint-Sauveur Badole
station and gave us remarkable records, being able to detect

ultra long-period signals (up to 600 5). Three channels are re-
corded at a sampling interval of one second; the “Very Long
Period” VLP channel is particularly interesting for studying sur-
face waves and free oscillations. The record of the Macquarie
Islands earthquake of 7 February 1980 is given in Figure 1. The
high sensitivity and very good signal to noise ratio allows us
to identify on records of earthquakes of magnitude 6.5 the succes-
sive groups of surface waves up to the ninth. This recording
channel has a flat response to ground acceleration at a gain
of 4.5—— 106 V m‘1 s2 in the period range 100—600 s.

In this report only vertical components are used, and data
windows for the Spectral analysis are chosen to minimize the
effect of spectral leakage and mode interference. When several
modes interfere. enhancement of the fundamental is performed
by using a time variable filtering technique (Cara, 1973) with
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a window adapted to the dispersion, allowing a better identifica-
tion of spectral peaks and a better estimation of the correspond-
ing periods and damping. The variable time filtering has been
checked for the absence of systematic errors. For the vertical
IDA and VLP records such filtering was not necessary, especially
for the IDA records in which the first arrival R1 could not
be used.

To obtain Q values we use the technique of observing the
time rate of decay of an individual peak in the amplitude spec-
trum (Roult, 1974; 1975; Jobert and Roult, 1976); we take suc-
cessive time intervals (about nine hours) with a tapering by

the window function w(t)=(l-12/L2)2 as in Connes et al., 1962.
We determine the mean energy for some particular spectral
peaks, and plot the log of these values multiplied by the period
of oscillation versus time. The Q factors are determined from
the slopes of straight lines fitted to the data points by a least-
square method.

Results

Periods of free oscillations derived from the spectra are collected,
and after a correction for ellipticity perturbation (Dahlen, 1975)
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phase velocities are computed in the period-range 150—400 s,
using a smoothing process according to the precision estimated
for the values of the frequencies.

The scattering of the observed values is used as an estimate
of the error in the data in the smoothing process (about 0.25
per cent). The observed scattering does not appear as a random
error, but is rather correlated with the distance through the
spectral amplitudes (Roult, 1974). The smoothing is assumed
not to have a systematic effect on the data as will be shown
below.

The global Earth model 1066B of Gilbert and Dziewonski
(1975) is used as a reference model; we plot in Figure 2 the
differences between the observed values and the phase velocities
of this reference model.

The model SL8 of Anderson and Hart (1978) seems perfectly
appropriate as an average representation of the observed Q;
the differences AQ from the values of Deschamps (1977) or
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from the values of Dziewonski and Anderson’s PREM model
(1981) are very small, these two last models giving almost identi-
cal results (Fig. 3). Figure 3 shows Q data determined from
the Sumbawan earthquake (19 August 1977) recorded in France
for which the great-circle path corresponds to percentages of
the different regions very near the global average. We will take
SL8 as a reference.

The small fluctuations (AQ~20) observed in Figure 3 in Q
values for orders higher than 50 are due to the uncertainties
of the measurements (rms error about 10%). These fluctuations
are systematic for periods higher than 200 5; this effect has also
been observed on phase velocities before smoothing (see discus-
sion before).

Regional differences, much larger than the estimated uncer—
tainties appear in both phase velocities and Q quality factors:
from the simultaneous analysis of the differences AQ between
the observations and the reference values (Fig. 4) we can draw
the conclusion that the events for which the observed phase
velocities are low also show a large attenuation of Rayleigh
waves. C and Q data are strongly related to the corresponding
great-circle paths, and particularly sensitive to the percentages
P1 of young oceans (the corresponding regionalization will be
presented in the next section). A small variation in that percent-
age has a large effect on both C and Q; other regions seem
to be of less importance as can be seen in Figure 5 and 6.

A correlation appears between AC or AQ and chiefly P1,
less marked with increasing period. Such a correlation is less
apparent for the percentages of the “old ocean” region (P2)
or the “shield and platform” region (P3).

Regionalization

We first divide the earth’s surface into four regions, following
the regionalization of Lévêque (1980): a “young ocean” region
(age less than 30 m.y.), an “old ocean” region (age greater than
30 m.y.), a “shield and platform” region and an inhomogeneous
region called a “tectonic region” including both mountains and
subduction zones.

Using the pure-path velocities determined by Lévêque for
each of these regions, we computed the theoretical phase veloci-
ties according to the percentages of each of the provinces repre-
sented in our great-circle paths. Phase velocities computed with
these regional velocities do not show a good agreement with
the observed values; the lowest phase velocities corresponding
to events 11, 12 and 13 are not explained. It seems that pure-path
velocities for young regions are not low enough to fit the data.

Seismological studies of aspherical heterogeneity led Silver
and Jordan (1981) to construct a global tectonic regionalization
with three oceanic regions defined by their crustal age and three
continental regions according to their tectonic behaviour during
the Phanerozoic (Jordan, 1980). Pure-path velocities correspond-
ing to these six provinces have been computed from the parame-
ters estimated from Jordan’s data set. We also computed the
theoretical values we can expect with such a pattern, but they
do not fit the observations well. As in the preceding scheme
the young oceanic region is not slow enough.

Since our data were not correctly interpreted using the pure-
path velocities estimated from Lévéque and by Silver and Jordan,
we attempted to regionalize our observations, knowing their
lack of resolution for regions other than young oceans. We
used Lévêque’s regionalization.

As expected, the results in Figure 7 (with uncertainties of
about 0.02 km/s) show very low velocities for the young ocean
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region; the distinction between the three other regions is not
clear.

Figure 8 shows the comparison and the good agreement, for
the young oceanic and shield regions, between our results and
the recent results of Dziewonski and Steim (1981).

Such low phase velocities can be explained by a model with
rather low velocities, such as in Montagner and Jobert (1981),
for these regions. Another cause could perhaps be found in
the existence of additional anomalous phenomena in some areas
such as “slow” fracture zones (Okal and Stewart, 1982).

Conclusions

As in earlier results, estimations of free periods and damping
of oscillations show large variations, clearly path dependent,
due to lateral inhomogeneities of the Earth. Amplitudes of man-
tle waves are particularly sensitive to this effect.

Our observations lead to the following conclusions:
— The correlation between the variations of phase velocities and
Q factors observed for different paths is very good.
— The most influential province corresponds to the young ocean
region, for which we find particularly low velocities, lower than
those presented in previous publications; differences from the
1066B model are about 0.05 km/s for periods from 1505 to
350 s.
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Altitude Characteristics of Radar Aurora as Seen
by a 90-MHz Double-Altitude Radar System Operated
at Karmaselga, Karelia
E. Timofeev and Y. Miroshnikov
Polar Geophysical Institute, USSR Academy of Sciences, 184200 Apatity, Murmansk Region, USSR

Abstract. This paper presents the first results of measurements
of radar auroral altitude and thickness obtained with a 90—MHz
double-altitude radar (DAR system) installed at Karmaselga
(63° N, 34° E). The system is a development of the sea surface
interferometer technique used by Unwin and Gadsden (1957).
It provides altitude measurements with an accuracy of about
1.5 km. The altitude characteristics are studied for two selected
events in connection with other geophysical data. The results
of this study include the following findings: (1) the variability
of the radar auroral altitude is significantly greater within the
westward than in the eastward electrojet; (2) the systematic dif-
ference of auroral echo altitude observed between the eastern
and western azimuths (east-western altitude asymmetry) general-
ly has the same sign and value within both electrojets; (3) the
occurrence of a double-layer altitude structure of the auroral
echo with a layer thickness of about 2 km and an altitude differ-
ence of less than 10 km together with a life-time of less than
1 min is a unique feature of the observations. An eastward alti-
tude inclination of individual current structure of the auroral
electrojets is discussed as a source of the observed east-western
asymmetry in addition to similar sources known before. A mech-
anism of collective interaction of auroral electron fluxes with
the E-region ionospheric plasma is discussed in the interpretation
of the observed double-layer structure.

Key Words: Radar auroral altitudes — Vertical interferometer
— East-western altitude asymmetry — Double-layer altitude struc-
ture — Altitude inclination of current layers — Electron-beam-
plasma interaction

Introduction

A new 90-MHz double-radar system (DAR) designed for study-
ing altitude and thickness of the radar aurora in connection
with auroral substorm processes has been in operation in North-
ern Karelia since February 1979. The DAR has been constructed
as a part of the ground-based program for the International
Magnetospheric Study. This paper describes the original investi-
gation methods, the equipment, and the first results obtained
by the DAR in February 1979.

Altitude and thickness of layers of VHF auroral irregularities
are rather unknown from past radar auroral investigations. Not
more than ten papers have been devoted to this question over
the 30-years study of this subject. Particularly, radar auroral
altitude data obtained simultaneously with a combination of
ground-based observations are lacking. According to our opinion

0340-062X/82/005l/OO44/$02.20

a complex approach to this problem will make possible a further
progress of the present understanding of both radar auroral
and other substorm phenomena. In this connection, the investi-
gation of the following features of radar auroral altitude charac—
teristics are of interest:
— their difference within westward and eastward electrojets;
— their correlation with altitude and thickness of auroral forms
and Es-layers;
— their peculiarities near foot-points of field-aligned currents;
— their dynamics in connection with variations of the electron
energy flux and the value of ionospheric electric fields.

An analysis of special radar auroral problems, is also possi~
ble, such as:
— the origin of the observed east-western asymmetry of the aur-
oral echo altitudes;
— the local distribution of altitudes within the area occupied
by radar aurora;
- the origin of the radar auroral altitude lamination, which was
discovered during the first DAR observations and the peculiari-
ties of geophysical phenomena associated with it.

Description of the Experiment

The radar is located near the Village of Kalmaselga (63° N,
34° E). The geographic location of the radar opens the possibility
to observe auroral echoes under favorable aspect angles over
observatories installed by the Polar Geophysical Institute (PGI)
and partially over observatories in northern European countries.
Aspect-angle contours calculated for 110 km height on the basis
of the International Geomagnetic Reference Field 1975 are pre-
sented in Fig. l. The DAR system is located on the steep south-
ern bank of the Segozero lake. The water surface of the lake
provides an excellent flat reflector of radio waves practically
within the total sector of observations shown in Fig. 1.

Methods of Measurement and Interpretation

The DAR method of measuring was developed on the basis
of the classical method by Unwin and Gadsden (1957). Accord-
ing to their method the height of scattering layers is determined
by measuring the slant range location of each of the multiple
narrow-beam elevation lobes. However, in their method a single-
valued measurement of the radar auroral altitude is possible
only for scattering layers extended from a certain slant range
to the radar horizon. The principal difference between the classi-
cal method and the DAR method is the application of an addi-
tional interferometer with a vertical base twofold shorter than
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that of the main interferometer. This provides unique measure-
ments of the altitude of radar auroral areas independently of
their location relative to the radar horizon. The unique, i.e.
single-valued, measurements in this case are possible only within
a certain altitude range (so called period of the altitude multiplici-
ty) outside which the altitude is a multiple-valued function of
the slant range location of the elevation lobes. Moreover, our
method requires that the radar auroral area have a slant range
size not less than a certain minimum value (so-called minimum
size).

The interferometer with the large base (upper or main inter-
ferometer) shows maximum accuracy of measurement but has
a short period of altitude multiplicity. The lower or additional
interferometer, on the contrary, provides unique measurements
in a wider range of altitudes but shows less accuracy of measure-
ment. Figure 2 explains the principle of measuring with two
interferometers.

The value of the period of altitude multiplicity depends on
the slant range. For example, the period for the upper and
lower interferometers amounts to 12 and 20 km for 500 km slant
range and to 26 and 44 km for 1,000 km, respectively. Its value,
depending on the slant range, is given by solid lines in Fig. 3a.
Apparently, the possibility of single-valued altitude measure-
ments exists in the altitude range of 100 to 120 km at small
slant range values, and in the altitude range of 90 to 130 km
near the radar horizon. Our measurements are possible only
when the slant range size of the radar auroral area is not less
than the slant range distance between two neighboring elevation
lobes. Thus, for the mean llO-km height the values of the
minimum size of the radar auroral area are T0 and 100 km
for a SOO—km slant range and 130 and 200 for 1,000 km, for
the upper and lower interferometers, respectively. The depen-
dence of the minimum size value on the slant range is also
given in Fig. 3a, by dotted lines. It is impossible to measure
the altitude characteristics of the spatially localized radar aurora
by means of the DAR system. For practical purposes, this limita-
tion affects only the B2 type (IAGA classification, 1968) of the
auroral scatter.

The thickness of the radar auroral layer is a monotonic func-
tion of the ratio of the signal intensity at a maximum value
to that at a minimum value of the elevation lobe. We computed
the dependence of this function on the slant range for a set
of thickness values of the homogeneous layers of scatter. Radar
auroral thickness was estimated by selecting parameters of the
calculated curve that were closest to the experimental curve.

Fig. 3. a Calculated curves of the period of
altitude multiplicity (soifd fine) and minimum
slant range size of radar auroral area (dotted
tines) subject to slant range; U— and L-indexes
correspond to upper and lower interferometers.
Curves are given for average altitude value
equal to 110 km. b, c The experimental
patterns of direction of the antennas in a
horizontal surface for lower (Fig. 3b] and
upper (Fig. 3c) interferometers. The beam
width of the main horizontal lobe is shown in
degress at level 6 dB since one and the same
antenna was used for transmitting and
receiving
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Each interferometer has horizontal antenna polarization. The
multilobes elevation antenna directional pattern is formed far
from the radar, owing to radiowave reflection from the water
surface. Because the reflection surface is perfectly flat, this pat-
tern may be computed with the necessary accuracy. The antenna
radiator height above the lake surface necessary for calculation
was measured by transit theodolite. The interferometer base is
known to be twice as large as the radiator height. The base
values obtained were 39 and 26 times the mean radar wavelengths
for the upper and lower interferometers, respectively. The analy-
sis of the results of numerous base value determinations showed
an error not exceeding 0.5 m. Since this value is much less than
the base values, its influence on the accuracy of altitude measure-
ments may be neglected.

Both interferometers can be used in a circular azimuth scan
mode as well as with a constant observation azimuth. During
the first observation period (7—16 February, 1979) the lower
interferometer was used in the azimuth scan mode. The upper
interferometer was directed at various azimuths by an assistant.
Two kinds of indicators were available, namely plane position
intensity (PPI) and amplitude range, for the lower and upper
interferometers, respectively. Photoaccumulation was applied to
increase the signal-to-noise ratio of the amplitude indicator. Thus
each amplitude frame represents the statistical average of 325
individual realizations. This procedure minimized additional er-
rors associated with the signal amplitude stochasticity. The two
types of indicators supplement each other. The amplitude indi-
cator provides the maximum accuracy for measurements of the
altitude characteristics, but only with constant azimuth. The
second indicator gives information about auroral echo altitudes
with less accuracy but nearly simultaneously for all azimuths.
The availability of PPI is convenient for analyzing the radar
results together with other geophysical data and also for exclud-
ing the multiplicity of amplitude frames associated with the finite
width of the horizontal directional pattern of the upper antenna.
This pattern is shown in Fig. 3c.

Thus far methods described above have been discussed as
applied to the model of an one-layer altitude structure of the
radar auroral. However, the very first observations showed that
although seldom the auroral echo also appeared in double layer
form. Therefore, it is necessary to describe the possibilities of
the DAR system for observing such structures. To begin with,
the behavior of altitudes dependent on slant range may be re-
solved for all sections if there are several radar auroral layers
with slant range sizes more than the minimal size and they
are situated in different slant range sections at different heights.
The presence of many signal amplitude extrema corresponding
to various altitudes at one and the same slant range section
of the amplitude indicator is necessary but not sufficient to
indicate a multilayer altitude structure of the radar aurora. Two
basic false situations must be eliminated to arrive at a unique
conclusion. The first is the simultaneous registration of radar
auroral signals from several different azimuths owing to the
finite width of the horizontal antenna directional pattern. The
second situation is the formation of false extrema of the signal
amplitude owing to an abrupt signal inhomogeneity dependent
on slant range. For example, the presence of an intensive, spa—
tially localized radar auroral signal of the B2 type at the slant
range near the maximum of elevation lobe gives a double maxi-
mum, i.e., falsely indicates a double-layer altitude structure. The
first false situation can be eliminated by selecting radar auroral
areas with small azimuth sizes and homogeneous distribution
of the inner azimuth intensity. The criterion of small azimuth
size will be given below. The second false situation can be elimi—

nated by selecting only regularized amplitude frames, i.e., by
having a certain order of disposition of lobe extrema which
corresponds to different altitudes of scatter. One and the same
sign and value of the shift of the lobe maxima and minima
serve as main criterion of regularity. Frequently the abrupt inho-
mogeneity of the radar auroral signal dependent on the slant
range may be easily distinguished from multilayer structure by
the difference between the form of signal amplitude splash and
the form of the elevation lobe. Examples of different cases will
be cited when the double-layer altitude structure is described.

Accuracy and Resolving Ability

The total instrumental error of slant range measurements with
due regard for the radar pulse width, the screen size, the electron
tube focus quality is 2—3 km depending on the slant range value.
This leads to an error in height measurement of not more than
0.5 km for the whole slant range interval. The reading error
associated with both the finite width of the elevation lobe and
the minimum scale value of the amplitude indicator amounts
to about 5 km. Thus the maximum error of radar auroral altitude
measurements accounting for all the above described parameters
of the instruments, reaches 1.5 km. This value refers only to
the measurement of the upper interferometer. The accuracy of
measurement by the lower interferometer is in addition in-
fluenced by the form of the amplitude-range profile of the radar
auroral signal. This form remains unknown with use of the
intensity indicator, and consequently the exact accuracy of mea-
surement cannot be determined. However, by comparing the
measurements made by both interferometers we estimated it at
2.5—3 km. The accuracy of the thickness measurements were esti-
mated with computer modeling of scatter, using a set of thickness
model parameters that has a step equal to 2.5 km. The accuracy
of the thickness measurement is then almost the same as that
of an altitude measurement, namely about 2.5 km. Often we
are unable to realize this accuracy because of sharp changes
in radar auroral signal amplitude as a function of slant range.

In connection with the discovery of the double-layer altitude
structure of the radar aurora, resolving ability of the system
was estimated by computer modeling of the scatter process. Two
neighboring lobes were assumed to be resolved separately if
the signal value between them declined to one-fifth of the maxi-
mum value. The minimum altitude difference of radar auroral
layers needed for such a reduction was defined as the estimated
resolving ability. Computer calculations showed that resolving
ability decreased with the increase of slant range, approximately
from 3—5 km at minimal slant range values up to 9—11 km near
the radar horizon.

Calculation of the Tropospheric Refraction

The geographic location of the DAR system allows us to observe
the radar aurora over the main PGI observatories at minimum
slant range values of about 500—600 km. Thus the standard tro-
pospheric refraction increases the measured altitude values by
not more than 2—3 km. For slant range values of 700—900 km
the standard refraction contribution is usually set at 4—6 km
(see, for example, Leadabrand et al.‚ 1965). Statistical methods
are used to calculate the standard refraction on the basis of
average values of the tropospheric parameters. At any specific
moment the presence of irregular tropospheric refraction inter-
feres with calculation of the absolute value of the radar auroral
altitude. But it does not prevent investigation of the behavior
of the radar auroral altitude characteristics in relation to sub-



|00000053||

Table 1

DAR technical parameters Upper Lower
interfero- interfero-
meter meter

Transmitted frequency (MHz) 88 i- 5 88 i 5
Transmitted peak power (KW) 75 75
Pulse width (us) 8 8
Vertical base (Wave length) 39 26
Receiver sensitivity (dB/w) 140 140
Beam width of the antennas

directional pattern on a
horizontal surface (0.5 level) (deg) 17° 9°

Side lobe level (dB) 25 3O
Antenna gain relative to dipole 15 20

(dB)
Rotating period (3) 80 72
Pulse repetition frequency (Hz) 50 50

storm processes; this is possible independently of any refraction.
Indeed, the time scale of the auroral substorm processes with
due regard to its microstructure, does not exceed a few minutes.
In contrast, the value of the irregular refraction, determined
by temperature and humidity height-integrated over a 10-km
tropospheric layer, changes much more slowly. According to
Arora and Wait (1978) the characteristic time scale of such
changes comprises approximately one day.

Equipment

Both interferometers have a set of horizontally located multiele-
ment Yagi-antennas, fed in-phase. There are four antennas with
ten elements and six with five elements for the upper and lower
interferometers, respectively. Antenna aperture sizes for the
former and the latter are 9.5 and 17.5 m, respectively. Experimen-
tal horizontal antenna direction patterns are given in Fig. 3b
and c. Other antenna parameters are presented in Table 1.

The DAR consists of two identical radars with slightly differ-
ent frequencies. The difference is very small but not less than
0.7 MHz. Both radars have a common arrangement for feeding
synchronization, and indication. For the amplitude—range indi-
cator a variable time delay is provided for the scan. The delay
may be changed in 50-km steps over a range of 0—500 km. The
delay value is chosen by the operator according to the existing
picture of PPI. Both screen pictures are photographed together
with slant range and azimuth scale marks. The amplitude-range
photos are made every 6.5 s, the PPI photos each rotation period
of the antenna. The main radar parameters are given in Table 1.
The scheme of the experimental arrangement is given in Fig. 4a.

Observations and Results

The total observation time of radar aurora by DAR amounted
to about 40 h from February 7 to 16. These periods are shown
by black rectangles in Fig. 4b. A concise representation of the
data from the Loparskaya magnetometer is given in the same
figure. In this paper we shall consider only two substorm events
(11—12 and 15 February, 1979). Both of them correspond to
the maximum of auroral electrojet intensity for the whole period
of observation. The first corresponds to the westward electrojet
(about 02.30 MLT), the second, to the eastward electrojet (about
18.40 MLT). Magnetometer data from Loparskaya and Apatity
for these events are given in Fig. 5. Riometer data from Lopars-
kaya on the most interesting 11—12 February event are also
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Fig. 4. a Schemes of apparatus: block intercommunication and mirror
reflection of antenna. b Short chart for data from both the Loparskaya
magnetometer and DAR radar during February 1979. Maximum varia-
tions of magnetometer for each day are given by vertical lines. Three
of the most intense substorms are numbered according to their size

given. The following dependencies will be considered for these
events:
— the dependence of the radar auroral altitude on slant range
at each individual azimuth of observation. For the azimuths
close to 350° this dependence gives information about altitude
change with geomagnetic latitude;
— the dependence of the auroral echo altitude as averaged over
azimuth on the slant range within the radar view;
— the dependence of radar auroral altitude on the azimuth of
observation at constant slant range values. In the western section
of the radar view such dependence means the dependence of
the altitude of scatter on the geomagnetic longitude. The parame-
ters of radar auroral thickness for both events and the double-
layer altitude sturcture will also be considered.

Data processing and methods of eliminating the multiplicity
of measurements will be illustrated first. Figure 6 presents an
example of (a) a PPI map of radar aurora as observed with
the lower interferometer; (b) an example of the simultaneous
amplitude range profile of the radar auroral signal along a 347°
azimuth as observed with the upper interferometer; and (c) an
example of calculated curves of the location of the elevation
lobe for both interferometers in the slant range coordinates.
The curves for the upper and lower interferometer are repre-
sented by solid and dashed lines, respectively. The analogous
curves for location of elevation lobe minima should have been
placed in the middle of two neighboring maxima curves. The
former is not shown for the sake of simplicity. The signal extrema
of the upper interferometer taken from Fig. 6b are plotted on
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darted tines near the maxima of both magnetometer variations and
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the slant range axis of Fig. 6c. For each extremum there are
at least three reasonable intervals of the altitude of scatter on
the calculated curves; the intervals follow in a period of multi—
plicity ofaltitude, e.g. 90—95 km, about 110 km, and 125—130 km.
In the 850—l,000 km slant range interval there are two altitude
values with considerably less difference than the above period.
Thus, this shows the existence of two truly different altitudes
of scatter.

To resolve an ambiguity we use the data of the lower interfer-
ometer in the azimuth sector within the main lobe of the upper
interferometer. In accordance with its halfwidth taken from
Fig. 3, this sector is located from 333°~l°. First, it is at once
clear that the scatter, at slant range values less than 800 km
is caused by the radar auroral area with small azimuth size
and situated westward from the main antenna gain direction.
Second, the signal intensity extrema at the western part of the
above sector are considerably shifted in slant range relative to
the extrema near its eastern boundary. Thus there are marked
differences of auroral echo altitudes at the sector boundaries.
Therefore, we should plot the signal intensity extrema from
Fig. be on the slant range axis of Fig. 6c separately. For the
slant range interval from 550 to 800 km, provided that auroral
echo occurs within a 90-130 km altitude interval, we obtain
a unique altitude value of about 108 i 3 km caused by the western
radar auroral area. Corresponding to the location of the signal
intensity extrema near the eastern boundary of the sector, we
obtain an altitude value of about 117i 3 km. This value is con-
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Fig. 6. a. Plan-position picture according to lower interferometer data.
Direction of observation of the main interferometer is shown by the
arrow-v. The horizontal beam width of this interferometer is shown
by two straight segments surrounding the arrow. Change in the inclined
shading illustrates the altitude difference at the eastern and western
parts of the area. b Amplitude-slant range relief of the radar aurora.
Regular character of the relief is sharply changed near the 800-km
value for slant range. c Computer-calculated curves of the location
of the elevation lobe maxima are given in altitude-slant range coordie
nates for the main (circles) and additional (triangles) interferometers.
Black figures correspond to maxima, white to minima for each interfer-
ometer

firmed by secondary extrema of the amplitude profile of the upper
interferometer marked above in Fig. 6b. Moreover the slant
range value at which a sharp change of the profile occurs agrees
well with the value on the PPI at which the radar aurora azimuth
size significantly increases. All these facts lead to the conclusion
that the altitude lamination observed by the main interferometer
at slant range values more than 800 km has been created by
the presence of two auroral echo areas placed at different azi-
muths and at different altitudes. This phenomenon has been
known since Booker’s review (1960); we call it the east-western
asymmetry of radar auroral altitudes. Its characteristics will be
described in detail below. As seen in the example, when interfer-
ometers supplement each other, they provide a unique interpreta-
tion of the picture of altitudes of auroral echo. However, such
a situation is not always possible. For example, in the same
PPI frame at azimuth 5°—30° in a 71004200 km slant range
interval, the picture of radar auroral areas is so irregular as
to be practically uninterpretable.
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Fig. 7. a. Average radar auroral altitude dependence on slant range
within the west- and eastward electrojets (white and black circles, re-
spectively). The dotted line shows an average contribution of the stan-
dard tropospheric refraction; vertical segments show standard devia-
tion. Number of measurements is given by digits separately for each
slant range interval. b Radar aurora altitude histograms for varions
azimuths illustrate the east-western asymmetry of auroral echo alti-
tudes; medial values are marked by arrows

Another example is the observation results in which measure-
ment multiplicity is eliminated in a similar way. Momenta, aver-
aged for 6.5 s altitude slant range sections, are quite varied.
They are not treated here in detail since they repeat qualitatively
various types of such sections shown in Fig. 9 of Unwin’s paper
(1959). The average behavior of the altitude of scatter as a func-
tion of slant range agrees statistically with standard tropospheric
refraction as shown in Fig. 7a. The radar auroral altitudes are
averaged at azimuths within the radar view during a 4-hour
observation period for the February 11th event and during a
one-hour period (18—19 MLT) for the February 15th event. Stan-
dard deviation does not exceed 2 km for the latter event, despite
the fact that less than half the number of measurements were
made. This indicates a small variability of radar auroral altitudes
within the eastward electrojet. The standard deviation for the
February 11th event in the westward electrojet is approximately
three times as large. The extreme altitude values for the event
were 103 and 117 km. The average radar auroral altitude for
the event was approximately 2 km higher than for the February
15th event.

East- Western Altitude Asymmetry

The quantitiative characteristics of azimuthal dependence of the
radar auroral altitude will be described on the basis of a PPI
data analysis. Sixteen PPI frames from February 15, 1979 and
thirteen frames from February 11—12, 1979 were selected on
the basis of the most homogeneous and azimuth-extended radar
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auroral areas. The intensity sections of the PPI frames within
two slant range intervals of 600—700 and 800—900 km were com-
pared for three different azimuths, e.g. 340°, 0°, and 20° for
the February 15th event. The time difference between the obser-
vations of the extreme azimuths equaled only 8 s. The statistical
approach applied in data processing allowed us to minimize
errors associated with the uncertainty of the shape of the ampli-
tude-slant range profile. These errors are inevitable in such indi-
Cators. The altitude distribution histograms obtained for the
February 15, 1979 event are shown in Fig. 7b. The auroral echo
altitude clearly decreases from the West to the East, especially
within the second slant range interval. The differences in radar
auroral altitude amount to 46 km for an azimuth difference
of about 40° To adequately compare them with other geophysi-
cal data we expressed the azimuthal dependence of the radar
auroral altitude as the altitude difference along a 100-km segment
of the constant slant range circle. For the February 15, 1979
event an average value equaled 1.23 km. This azimuthal depen-
dence of radar auroral altitude within the westward electrojet
area was investigated by analysing the location of signal intensity
minima on a scale of slant range marks at various azimuths.
We selected pairs of azimuths for every PPI frame with a differ—
ence less than 20°—40° The eastern azimuth showed a lower
radar auroral altitude for all the frames but one. The average
value of incline, expressed in the convenient form mentioned
above, was 1.31 km. Thus not only the incline direction but
also the incline value of radar auroral altitudes are approximately
equal for the east- and westward electrojets in these events.
This is only an average value for the eastward incline, for at
any given moment it can be totally different. A similar example
was given in Fig. 6.

On the basis of the average value of the east-western asym-
metry obtained for a 90-MHz radar frequency, the above-men-
tioned criterion for small azimuth size can be formulated. It
follows from our results that the azimuth size should not be
more than 10—15°, so that the difference of altitudes at the eastern
and western boundaries of radar auroral area are not more
than the accuracy of the altitude measurements, i.e., 1.5—3 km.
For this reason we shall later assume that if the azimuthal size
of the radar auroral area is larger than the above criterion value,
an altitude lamination of scatter cannot be distinguished from
the east-western asymmetry. Such an example was given in Fig. 6.
If the criterion is satisfied and auroral echo from two different
altitudes is registered, then either two radar auroral layers exist
at once (one above the other at the same azimuth) or the altitude
of scatter jumps subject to azimuth of observation.

Brief Information About Radar Aurora Thickness

The thickness of radar aurora layers was significantly different
for each of the two selected substorms. The thickness measure-
ments were complicated, especially for the westward electrojet
event because of the sharp spatial structure of auroral echo
along the slant range and considerable time dynamics. For verifi-
able results it was necessary to increase the time of averaging
to several minutes. A detailed description of thickness behavior
is outside the scope of this paper. Here we give only the average
values. Preliminary estimations showed the average thicknesses
to be about 15 and less than 2.5 km for the events of the east-
and westward electrojet, respectively.

Local Double—Layer Altitude Structure

This type of structure was observed during the 11—12 February
event consisting of several auroral substorms. The temporal
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Fig. 8. Three consecutive PPI frames of the lower interferometer are
given at the observation moment of double-layer altitude radar aurora
by the upper interferometer. The local area of such scatter is shown
by shading; its most intensive inner part, by double shading. Direction
of observation of the upper interferometer is marked as the AA sec-
tion and shown by arrows

structure is clearly seen from the auroral magnetometer data
given in Fig. 5. During this night the intensity of auroral echo
signal was maximal for the whole period of our observations.
As Fig. 4b shows, the auroral current intensity was also maximal
for that night according to magnetometer data in Loparskaya.
The radar aurora was observed for almost 5 h; at times it occu-
pied the total radar coverage.

We will consider in detail two observation moments at about
23.20 and 23.30 UT on 11 February, 1979, which correspond
to about 02.20 and 02.30 MLT. At these moments a splitting
of the elevation lobe maxima was observed on the amplitude
indicator as well as a shift of the neighboring minima along
the slant range marks. It was unusual that such a picture was
observed within a radar auroral area with a small azimuth size.
Copies of PPI frames for these times are given in Figs. 8 and
9. For the first area of radar auroral lamination shown in Fig. 8,
the azimuth size is less than 10°. At the end of this fragment
it increases to about 20°. However, in its center is a more inten-
sive part of the radar auroral area with a small azimuth size.
The second area of radar auroral lamination shown in Fig. 9
has a full azimuth size of about 30°, but it was observed from
one side of the main antenna gain direction. The latter passed
near the eastern edge of the area being observed (arrow BB
in the figure). Moreover the area has a homogeneous structure
of scatter intensity like the DB-type radar aurora described by
Tsunoda etal. (1974). That is why the main scatter intensity
is determined by only the part of the area with a considerably
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Fig. 9. PPI frames of the lower interferometer for the second fragment
of the altitude lamination. The local area of the lamination is shown
by shading; the part restricted by the horizontal beam of the upper
interferometer, by double shading. Direction of observation of the
upper interferometer is denoted as BB-section and marked by arrows

smaller azimuth size. Restricted by the main horizontal lobe
of the antenna of the upper interferometer, this part effectively
has a size that corresponds to the width of the antenna directional
pattern shown in Fig. 3c; along the 3 dB level, about 100—15“
at the beginning and end of the fragment; along the 10 dB level,
about 15°—20°. Thus the criterion of small azimuth size formu-
lated above is satisfied for both radar auroral areas. This means
that they can serve as examples of a real double-layer altitude
structure. Figures 10 and 11 give the amplitude slant range profile
of a radar auroral signal for the two described areas. The quasi-
periodic character of the profile reflects the multilobe narrow
beam character of the antenna elevation directional pattern of
the main interferometer. As is evident there are up to 3—4 differ-
ent radar auroral altitude values. However, there are not more
than two radar auroral layers with different altitudes in one
and the same slant range interval (600—800 km in Fig. 11 and
900—1,100 km in Fig. 10). The double maximum in the 555th
frame at a slant range of about 770 km is a typical example
of a false double-layer altitude structure due to the sharp slant
range inhomogeneity of the auroral echo signal. In contrast to
the frames 565—575 there is no shift of signal amplitude maxima
equal to that of its minima. In the frames 635—656 below the
envelope curve, the course of scatter intensity is shown for each
altitude value of radar auroral signals: by small crosses for
101—102 km, by points for 104—106 km, by dashed lines for
109—112 km. The analysis of model scatter was computed.
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The Spatial-Temporal Characteristics of Lamination

The time variations of signal intensity of scatter occur indepen-
dently in each of both layers. Increases of signal intensity from
one of the layers may be accompanied by decreases in the other
(Fig. 10, frames 579—581 in a 1,000 km slant range; Fig. 11,
frames 653—656 in a 700—750 km slant range). An abrupt disap-
pearance of radar aurora has been observed at 105 km altitude
accompanied by small intensity variations ( 10—15%) at 110 km.
A comparison of frames 647 and 653 clearly shows this. Some-
times there are increases of signal intensity simultaneously in
both layers (frames 581—587 at a slant range of about 1,000 km,
or in frames 643—647 at a 700—750 km slant range).

The time scale of dynamics of the double-layer altitude struc-
ture was determined as the duration of transitional processes
such as: (a) the formation of the double-layer structure from
a single layer; (b) the sudden decrease of scatter intensity from
one altitude value and formation of a new layer of scatter at
another. Two layers of scatter were formed at 116- and 12l-km
altitudes from a 118-km altitude layer in about 52 8. Both layers
had almost equal scatter intensity, as seen in frames 565—573.
About 50 s later the auroral echo intensity increased in the upper
layer twofold (frames 573—581). Then after 40 s the intensities
became approximately equal again. In the second fragment
(frames 647—653) a sudden change in the radar auroral altitude
from 105 to 101 km occurred in about 40 s. The time dynamics
of the two altitude layer radar aurora for one of the fragments
is given in Fig. 12a.
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The double-layer altitude structure is localized only in the
small part of the total area occupied by the radar aurora. The
local character of the structure is illustrated by two examples
in Figs. 8 and 9. The spatial scale of lamination along the meridi-
an made up 100—200 km (frames 573—575 and 641, 653, 656,
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respectively). In the longitudinal direction the scale is restricted
by the selection method itself (the criterion of small azimuth
size). Thus we may only conclude that the longitudinal size
is not less than 150—300 km. The corrected geomagnetic latitudes
of observed lamination were 65° and 68°

The altitude scale of the double-layer altitude structure, deter-
mined as the altitude difference of radar auroral layers, changed
from 5—6 km (frames 641 and 635) to 9—10 km (frame 653).
These obtained values are known, in agreement with the DAR
method, with accuracy only up to the period of altitude multiplic-
ity. The maximum difference of the radar auroral layer altitudes
was the same for both fragments, about 30 km with due regard
for the dependence of the period value on the slant range (Fig. 3).
With such great difference the upper layer of scatter should
be observed at altitudes of 131—148 km. However, such an alti-
tude interval is extremely unlikely at least in the light of our
present knowledge.

The local double-layer altitude structure is quite a rare phe-
nomenon as can be concluded from our first observations (it
was observed for a few minutes during a total observation time
of about a few dozen hours). It should be noted that the phenom-
enon coincided with the maximum of H-component variations
on the Loparskaya magnetometer for the whole period, as seen
in the chart in Fig. 4. The maximum variation value was 430 nT
at 02.30 MLT on 12 February 1979. According to the magnetom-
eter data from Apatity given in Fig. 5 for the event, this time
is also near the maximum of the negative bay with intensity
about 400 nT Unfortunately due to unfavorable weather condi-
tions there were no aurora data at Loparskaya and Apatity
observatories for the two events. Balloon measurement data are
also lacking for the Apatity station. Therefore, we had only
riometer data at our disposal for the analysis of auroral particle
fluxes together with the double-layer altitude observations. The
corresponding record of the Loparskaya riometer is given in
Fig. 5. Thus, according to the available data the double-layer
altitude radar aurora does occur within the area of the electron
fluxes of the westward electrojet.

Discussion

Change in the radar auroral altitude as dependent on azimuth
of observation or, in other words, east-western asymmetry of
auroral echo altitudes, was described by Booker (1960) and also
Harris and Kavadas (1973), Wang and Tsunoda (1975), and
Tsunoda (1976). All their measurements were performed at radar
frequencies from 398 to 1210 MHZ. At lower frequencies, in
particular at 90 MHZ, the asymmetry was described qualitatively
only by Pyatsi and Siekkinen (1978). According to our measure-
ments, the value of asymmetry at this radar frequency is in
good agreement with that obtained in the experiments at higher
frequencies up to 1,210 MHZ. This signifies that the value of
asymmetry is approximately constant while the auroral irregular-
ity size changes more by an order, of 12 cm to 1.65 m. However,
the asymmetry is already absent for irregularities of 3.25 m as
was reported by Pyatsi and Siekkinen (1978). The fact that Un—
win’s paper (1959) summarizing the program of altitude measure-
ments for irregularities of 2.7 m does not report anything about
east-western altitude asymmetry, proves, in our opinion, that
it is negligibly small for these sizes of irregularity. Thus the
asymmetry exists and has approximately constant value at radar
frequencies higher than about 90 MHZ and sharply decreases
at about 50 MHZ.

As described here, the average values of the altitude asym—
metry are approximately the same within the east- and westward

electrojets. This fact can be confirmed at higher radar frequencies
by comparing Tsunoda’s measurements (1976) at 398 MHz within
the eastward electrojet and that of Harris and Kavadas (1973)
at 448 MHz within the westward electrojet. The latter did not
analyze the altitude difference at the eastern and western azi—
muths in detail. We have made this analysis using the data
of altitude distribution given in Fig. 4 of their paper. In this
case the values of the altitude slopes were close to the average
value obtained by Tsunoda (1976). However, one half of the
available six pairs of azimuths showed the eastward slope and
the other half, the westward slope. This indicates that altitude
asymmetry features are rather complex within the westward elec—
trojet relative to the eastward one in spite of the equality of
the averaged asymmetry values. This result is confirmed by Ti-
mofeev et a1. (1980) who studied by DAR radar altitude asym-
metry features, averaged for more than 3 h of measurements
within the westward electrojet region. It was shown that within
two 100-km slant range intervals distinct eastward altitude de-
creases took place with an average value of about 1.0. Within
five other such intervals there was no tendency to altitude varia-
tions, i.e. west- and eastward slopes were observed with practi-
cally equal frequency. An average westward decrease was not
observed at any slant range interval.

Azimuthal dependence or east—western asymmetry of the au—
roral echo altitudes cannot be explained by maintaining the con-
stancy of aspect angle subject to the azimuth of observation.
On the contrary, the real three-dimensional off-perpendicular
contour is higher in the East. The asymmetry also cannot be
accounted for by current vector rotation with altitude change.
The rotation is supposed to be produced by the altitude variation
of ratio of ionospheric conductivities. In this case if the radar
chooses the altitude with a minimum or constant current angle
value at each azimuth, the altitude is higher in the East again
independently of the direction of electrojets. Wang and Tsunoda
(1975) came to the same conclusion. It could be assumed that
the altitude asymmetry of scatter reflects the difference in small
and large current angle mechanisms of irregularity generation.
This is similar to using the mechanism suggested by Farley (1963)
under equatorial electrojet conditions to explain echos along
the current direction, on the one hand, and using the mechanism
suggested by Sudan et al. (1973) for the perpendicular direction
on the other. Pyatsy and Siekkinen (1978) assumed the existence
of such a difference in mechanisms for radar aurora since they
formulated the experimental results in terms of a current angle.
However, Timofeev (1980) showed that the asymmetry is not
determined directly by the current angle, at least during its
change from 40° to 90° A detailed comparison of observation
conditions was made for the Homer radar (Alaska) and DAR
radar at Kamaselga (Karelia, USSR) to prove this fact. These
radar locations were chosen because they have the same corrected
geomagnetic latitudes. Besides, the radars have very similar as-
pect-angle and an opposite current angle dependence on azimuth
of observations. The angle between a radar ray and the geomag-
netic latitude 65° for both radars was taken as the current angle.
Results of the comparison are illustrated in Fig. 12b. The average
asymmetry of altitudes is seen to be practically equal for both
radars in spite of the contrary behavior of the current angle.

To explain the origin of the east-western asymmetry of radar
auroral altitudes, Wang and Tsunoda (1975) applied the theoreti-
cal results of Kaw (1972), which he inferred for the equatorial
electrojet. Kaw pointed out that the two-stream instability is
a convective instability. In accordance with their concept, the
eastward altitude decrease is observed within the eastward elec-
trojet, and the maximum value of the asymmetry reasonably
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agrees with the half-thickness of the auroral electrojets. However,
as can be concluded from the data of Harris and Kavadas (1973)
and also of Timofeev et a1. (1980), there is no reversal of the
altitude decrease direction during the change of the electrojet
flow direction to its opposite. This fact demonstrates the inade—
quacy of only explaining the east-western asymmetry of radar
auroral altitudes on the basis of convection of two-stream irregu-
larities. Later on we shall see that the situation will become
clearer if we take into account not only the factors related to
the radar aurora itself but also those reflecting the change of
auroral flux parameters in the longitudinal direction. Recently
data have shown that such change takes place not only statisti-
cally but also for individual auroral forms. lvanov and Starkov
(1977) pointed out the existence of an eastward altitude decrease
for both the maximum luminosity and the lower edge of the
quiet auroral arcs. The authors used simultaneous data from
two pairs of all-sky cameras covering a considerable range of
longitudes and located in the north of Siberia. For the same
quiet auroral arcs, the zenith angle curves from the azimuth
were constructed for each camera. Then by the approximation
method, the altitude for each point on one of the curves was
chosen so that this point coincided (within the experimental
error) with the curve derived from the other station data. Having
analyzed the behavior of the altitudes along 14 quiet auroral
arcs in this way, the authors obtained an average incline value
of about 3° This eastward incline remained at a distance of
400—600 km along the arc and then the altitude increased
abruptly again. Another example of the existence of the eastward
altitude incline for a sporadic ionization layer in the vicinity
of a quiet evening auroral arc was shown by Timofeev et a1.
(1980). They analyzed the available simultaneous data for the
16 March 1978 event at Kiruna, Sodankyla, and Loparskaya
ionosondes located approximately on the same corrected geo-
magnetic latitudes. The altitude difference between the Est-layer
maximum from Kiruna to Loparskaya was 15 km.

In our opinion the data of the radar auroral altitude asym—
metry indicates the presence of longitudinal change in electron
flux parameters that are responsible for the formation of current
layers containing auroral irregularities as in both the above
examples. The similar features of these altitude variations are
supported by a close correlation of radar aurora and sporadic
ionization layer altitudes described in the same paper. Altitude
behavior was studied for about 4 h on the basis of data from
DAR radar and the Loparskaya ionosonde which referred to
the same ionospheric region over the Loparskaya observatory.
The correlation coefficient was about 0.75 for the “r” type
of ES layers. All these facts have led us to conclude that current
streams of increased intensity with small eastward altitude in—
clines occur within the range of the electrojet altitudes. If this
hypothesis is true, then the effects of the current incline and
the convective drift of unstable plasma waves will coincide within
the eastward electrojet and will intensify each other. In contrast,
both factors will have an opposite direction within the westward
electrojet. Therefore, the eastward altitude incline of the radar
auroral layers will be constantly within the eastward electrojet.
On the contrary, both eastward and westward altitude variations
will often occur in the region of the westward electrojet, as
observed in the above experiments. From this point of view,
it is easy to understand the disappearance of radar auroral alti—
tude asymmetry described above, which occurs at low radar
frequencies. Indeed, the low frequency auroral scatter does not
reflect the altitude variation of current layers because, as is well
known, it is much less directly connected with the current drift
velocity but is determined to a greater degree by ionization gra-
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dients. Apparently, the average altitude variation of the current
structures exists only within the limits of the usual width of
radar coverage along the auroral oval. In the experiments de-
scribed this width was not more than 600—700 km.

The double-layer altitude structure of radar aurora was ob—
served within diffuse layers of auroral echo similar to the DB-
type described by Tsunoda et a1. (1974). Unlike the diffuse radar
aurora in general, this double—layer type has a local character.
Moreover this structure is closely connected with the maximum
variations of riometer absorption and auroral current intensity.
A similar altitude structure of electron ionization profiles was
observed in Chatanika with incoherent scatter radar by Baron
(1974) approximately at the same geomagnetic latitudes. Its life-
time was nearly the same as that of radar aurora (about 20 s).
Stenback-Nielsen and Hallinan (1979) observed the lamination
of the altitude profiles of auroral luminosity by stereo-TV tech-
nique. The thickness of luminosity layers was about 1.5 km and
the lifetime equaled several seconds.

According to Rees’s (1963) calculations of ionization profiles
formed by incident auroral electrons, such a sharp altitude struc-
ture cannot result from the double-peak energy spectrum of
fluxes. Shepherd and Falthammer (1980) have shown that a
similar structure is also not a result of acceleration of incident
electrons in a field-aligned electric field. Stenback-Nielsen and
Hallinan (1979) came to the conclusion that a collective interac-
tion of electron fluxes with E-region ionospheric plasma causes
the lamination. Timofeev and Miroshnikov (1979) independently
arrived at the same conclusion by interpreting the first results
of measurements with the DAR radar. Their interpretation was
based on the results of the theoretical paper by Izhovkina and
Mishin (1978). These authors showed that a rather sharp double-
layer altitude structure of ionization could be caused by a fairly
dense and monoenergetic electron beam. According to their mod—
el, a supplementary maximum of energy dissipation, due to col-
lective beam-plasma interaction processes, may exist in addition
to that of the collisional one. The collective dissipation is mostly
effective within a thin (about 3—km) layer, the upper boundary
of which is determined by the collisions suppressing the collapse
of plasma caverns. These caverns are created by a modulational
instability of Langmuir oscillations caused by the beam. The
layer’s lower limit is determined by the suppression of beam
instability resulting from the increase of the collision frequency.
On the basis of this model Mishin and Timofeev (1980) estimated
quantitatively the features of similar double~layer radar aurora,
taking into account real parameters of auroral fluxes. On the
other hand, if we try to understand the origin of such an auroral
echo structure within the framework of the gradient-drift or
two-stream machanisms, we must assume that extremely sharp
altitude gradients of short duration exist in the E-region of the
auroral ionosphere. Such an assumption seems quite artificial
since the origin of the gradients is not clear.

This splitting of signal maxima on the amplitude range indi-
cator, similar to that shown in Figs. 10 and 11, may be inter-
preted in another way. The picture may be formed as a result
of a jump in the radar auroral altitude subject to the azimuth
of observation. For this situation only a rather small azimuth
scale of the jump (10°—15°) is necessary. As already mentioned,
similar altitude jumps were discovered for quiet auroral arcs
by Invanov and Starkov (1977).

Observations of diffuse radar auroral layers with 2-km thick—
ness confirm the result of Unwin (1959) obtained for irregulari-
ties almost twice as large. None of the ionospheric parameters
determining irregularity generation within the framework of the
linear theory has such a small altitude scale of change. This
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shows once more that it is necessary to solve non-linear problems
to understand the nature of radar auroral generation.

Conclusion

In summary, the results obtained by the DAR method success-
fully combine both high accuracy and uniqueness of measure-
ments:

1. The auroral echo altitudes are much more variable within
the westward than in the eastward electrojet region.

2. The average value of the east-western asymmetry of the
radar auroral altitude is about the same at 90 MHz radar fre-
quency as at higher frequencies (up to 1,210 MHz). Moreover
the average value and direction of this altitude variation are
the same for the east- and westward electrojets. Because of this
we cannot explain the origin of the altitude asymmetry as only
due to the convective character of the two-stream instability.
Therefore, to explain the whole complex of experimental data
it is necessary to assume the existence of an additional cause
for this altitude variation. There is definite proof that a real
eastward altitude decrease of current structures exists within
the auroral electrojets with an average slope of about 1°.

3. A double—layer altitude structure has been discovered for
the local areas of diffuse radar aurora within the westward elec-
trojet. Its space-time parameters have been described. We con-
clude that such a structure is formed in the lower ionosphere
due to a mechanism of the collective interaction of electron
fluxes with surrounding plasma.

4. The thickness of radar auroral diffuse layers within the
westward electrojet cannot be greater than 2.5 km.
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Abstract. By using coordinated two-dimensional ground-based
and satellite magnetic measurements obtained during a late after-
noon sector pass of TRIAD over the Scandinavian Magneto-
meter Array (SMA) and irregularity drift measurements by the
STARE Trondheim radar we were able to deduce ionospheric
and field—aligned currents quantitatively. The apparent contra—
diction — which is often met in the afternoon sector — that the
TRIAD measurements indicated upward net field-aligned cur—
rents whereas the ground-based magnetometers showed the sig—
natures of downward net field-aligned currents, was resolved
by taking the polar cap current system and the (different) finite
east-west extent of the field—aligned current sheets into account.
In particular, we found: The most prominent current was a
broad eastward Hall current electrojet of about 4- 105 A whose
intensity increased to the east and which was fed by a downward
net field-aligned current sheet of about 220 mAm‘ 1 which ex-
tended about 2,000 km in longitude. The meridional current sys-
tem in the eastward electrojet region was formed by a northward
Pedersen current of about 400 mAm‘1 and the corresponding
balanced field—aligned closure currents in the north and south,
with a peak intensity of about 2 uAm‘2 The strength of the
meridional current system also increased to the east. South of
the main eastward electrojet, in sunlit subauroral latitudes, a
broad but weak (less than 40 mAm‘ 1) current (a so—called UV
electrojet) was flowing eastward, while immediately north of
the main (eastward) electrojet a narrow westward Hall current
of the order of 105 A penetrated into the afternoon sector and
diverged up the magnetic field lines as a net field-aligned current
sheet of about 100 mAm‘ 1 Within the polar cap a broad west-
ward Hall current (200—300 mAm‘1 height-integrated current
density) and duskward Pedersen currents of about 120 mAm~ 1

were flowing. Current continuity for the Pedersen currents was
provided by about 5,000 km long upward and downward di-
rected field-aligned current sheets of about 120 mAm‘1 at the
dusk and dawn polar cap border, respectively. The ZH/ZP ratio
determined from the magnetic measurements had values around
2 in the eastward electrojet region and was considerably higher
in the westward electrojet region. By assuming that the iono-
spheric electric field had only a meridional component in the
afternoon sector, we deduced the two-dimensional distribution
of electric field vectors from the STARE Trondheim radar mea-
surements and subsequently could compute height-integrated
Hall and Pedersen conductivities. Whereas the electric field de-
creased towards the south and, more slightly, towards the east,

Reprint requests to. W. Baumjohann

the height-integrated Hall conductivity showed the opposite
behaviour.

Key words: TRIAD satellite — Scandinavian Magnetometer Ar-
ray — STARE radar — Auroral electrojets — Field-aligned currents
— Ionospheric conductivities

Introduction

It is well known that during periods of enhanced magnetospheric
activity an eastward electrojet flows in the afternoon and evening
sector along the southern part of the auroral oval (Kamide and
Fukushima, 1972; Rostoker, 1972). The eastward electrojet exists
simultaneously with a poleward situated westward electrojet,
which penetrates from the midnight into the evening sector dur-
ing periods of substorm activity (Rostoker and Kisabeth, 1973;
Rostoker et al., 1975; Mersmann et al., 1979). The westward
electrojet can sometimes extend past the dusk meridian (Hughes
et al., 1979; Rostoker et al., 1979).

By taking into account the northward electric field observed
by satellites (e.g. Maynard, 1974), rockets (e.g. Maynard et al.,
1977), balloons (e.g. Mozer and Lucht, 1974) and the Chatanika
radar (e.g. Banks et al., 1973) in the eastward electrojet region,
it has been argued that the northward magnetic fields observed
on the ground in the afternoon and evening sector are caused
by eastward flowing Hall currents (e.g. Hughes, 1978; Hughes
and Rostoker, 1977; Mersmann et a1. 1979; Rostoker, 1979).
Baumjohann et a1. (1978) and especially Baumjohann (1979) and
Baumjohann et a1. (1980) could actually verify this for typical
cases by comparing simultaneous two-dimensional measure-
ments of ground magnetic and ionospheric electric fields ob-
tained by the Scandinavian Magnetometer Array (SMA) and
the Scandinavian Twin Auroral Radar Experiment (STARE),
respectively. Moreover, Baumjohann et a1. (1980) gave rather
direct evidence that the net fieldaligned current flow (Heppner
et al., 1971a, b; Yasuhara etal., 1975; Sugiura and Potemra,
1976) above the eastward electrojet region is caused by the diver-
gence of the eastward Hall current due to longitudinal conductiv-
ity or electric field gradients, as proposed by Hughes and Ros-
toker (1977, 1979). To date nobody has reported on electric
field measurements in the more poleward situated westward elec-
trojet and thus the nature of this current is as yet rather unclear.

However, since the nearly toroidal magnetic fields of the
current circuits formed by Pedersen and balanced field-aligned
currents are barely observable on the ground (Boström, 1964;
Kamide and Matsushita, 1979a, b; Baumjohann et al., 1980)
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neither Hughes and Rostoker (1977, 1979) nor Baumjohann et al.
(1980) were able to determine the parameters of the meridional
current systems in the afternoon sector and to compare it with
the longitudinal current circuit formed by Hall and net field-
aligned currents. The toroidal magnetic field of the meridional
current system can be observed, however, by rockets and satel-
lites, flowing above the horizontal currents in the auroral E
layer. In fact, Rostoker et al. (1975) and Kamide and Akasofu
(1976) compared qualitatively the directions of field-aligned cur—
rent inferred from TRIAD observations with the regions of east-
ward and westward electrojets inferred from ground-based mea—
surements by the Alberta and Alaska meridional chains, but
they did not take into account longitudinal gradients and got
quite different results. Moreover, there is an apparent contradic-
tion that satellite measurements on the average indicated strong
upward net field-aligned current in the afternoon sector (e.g.
Sugiura and Potemra, 1976, Iijima and Potemra, 1976, 1978)
whereas ground-based magnetometers often showed the signa-
tures of downward net field—aligned currents (Hughes and Ros-
toker, 1977, 1979; Baumjohann et al., 1980).

The aim of the present study is to deduce quantitatively,
for a typical single case, the longitudinal and the meridional
current circuits in the late afternoon sector of the auroral oval
by comparing SMA and TRIAD measurements of magnetic
fields and to get a better understanding of the coupling between
field—aligned and ionospheric currents. That simultaneous SMA
and TRIAD observations form a powerful data set has already
been demonstrated for the morning sector westward electrojet
by Baumjohann et al. (1979) and Sulzbacher et al. (1980). More-
over, simultaneous measurements of one component of the irre-
gularity drifts in the E region by the STARE Trondheim radar
(unfortunately the other STARE radar at Hankasalmi did not
work properly during the present event) allowed us to draw
some conclusions on the ionospheric electric field and conductivi-
ty.

Instrumentation and Data

On 4 January 1979, between 1350 and 1354 UT (around
1630 MLT) the TRIAD satellite traversed the afternoon auroral
oval over Scandinavia during a relatively disturbed time (K =
5—). The SMA magnetograms showed positive magnetic distur-
bances lasting for several hours. The disturbance amplitudes
changed only slightly during the TRIAD pass. Accordingly, the
analyzed current system can be regarded as stationary.

Figure l displavs the sites of the magnetic stations used in
this study together with the averaged (1350—1354 UT) equivalent
current vectors (the observatory at New Alesund, far in the
north — 78.9°N, 11.9° E — from which data were used in addition,
is not shown here). A full description of the SMA can be found
in Kiippers et a1. (1979) and Maurer and Theile (1978). The
equivalent current vectors are given relative to the quiet night
leveL

Also drawn into Figure 1 are the 10 s averages of the horizon—
tal magnetic field vectors derived from the TRIAD data along
the satellite track with the trajectory projected down to 120 km
height along magnetic field lines. The TRIAD magnetic field
vectors are given relative to a baseline calculated with the algo-
rithm given by Gustafsson et al. (1981). A detailed description
of the TRIAD magnetometer may be found in Armstrong and
Zmuda (1973). The dashed line denoted T gives the terminator
at 120 km altitude.

The coordinate system indicated in Figure 1 was described
by Kiippers et al. (1979) and was named the Kiruna system.

Fig. 1. Four minute averaged equivalent current vectors on the ground
and 10 s averaged horizontal magnetic disturbance vectors along the
satellite track (projected down along the field lines to 100 km). Also
indicated are the axes of the Kiruna system and of the rotated (x,
y) system which are explained in the text. The dashed fine denoted
by T gives the terminator at 120 km height

It is a Cartesian coordinate system obtained by a stereographic
projection of the globe onto a tangential plane centered at Kir-
una, Sweden. The y“ axis of the system has been chosen as
the tangent to the revised corrected geomagnetic latitude circle
(after Gustafsson, 1970) running through Kiruna (648°). The
x,“ axis points approximately 12° west of geographic north at
Kiruna. In order to simplyfy the first interpretation of the data
and the model calculation we rotated the Kiruna system by
6° clockwise around the vertical z axis and obtained x and y
axes which are othogonal and parallel to the direction of the
electrojets, respectively (see Fig. 1). In the following we will den-
ote the magnetic components measured on the ground parallel
to x, y and z axes as A M, BM and ZM, respectively, and those
measured by TRIAD as AT, BT and 21-. Of course, the results
of the model calculation are independent of the coordinate sys-
tem chosen.

Unfortunately, during the present event only one of the
STARE radars (Greenwald et al., 1978) worked properly: the
Trondheim radar measured the two-dimensional distribution of
one component of the irregularity drift vectors with an integra-
tion time of l min. We calculated running averages over three
data points from a given beam and used every second average,
which yielded a spatial resolution of about 30--40 km.

Description of the Current System

The equivalent current vectors in Figure] show an eastward
electrojet over the Scandinavian peninsula, in the same region
where the satellite magnetic field is also eastward directed. North
of the eastward electrojet flows a westward equivalent current,
and here the magnetic disturbance vectors measured by TRIAD
are also westward directed.
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Fig. 2. Ten seconds averaged (about 60 km) horizontal magnetic com-
ponents observed by TRIAD after baseline reduction, projection down
to ionospheric heights and transformation into the (x, y) system. AT
and BT are parallel to x and y, respectively

Since SMA equivalent current vectors and TRIAD magnetic
field vectors are nearly parallel, we can follow, for example,
Boström (1964), Anderson and Vondrak (1975), Untiedt et a1.
(1978), and Mallinckrodt and Carlson (1978), in assuming that
the eastward electrojet and the westward current to the north
are Hall currents driven by northward and southward electric
fields, respectively, of magnetospheric origin. Additionally north—
ward and southward Pedersen currents must flow in the eastward
electrojet and westward Hall current region, respectively, which
together with the associated balanced field-aligned currents form
the meridional current system.

The assumption of a northward directed electric field in the
southern part of the afternoon auroral zone is strongly suggested
by the results of numerous other measurements (Mozer and
Lucht, 1974; Banks and Doupnik, 1975; Madsen et al., 1976;
Holzworth et al., 1977; Horwitz et al., 1978 a, b; Baumjohann
et al., 1980; Zi and Nielsen, 1980), and concurs also with the
westward irregularity drift components measured by the Trond—
heim radar (the irregularities measured by the STARE radars
are ExB drifting; see Greenwald, 1979). The assumption of
a southward electric field in the westward current region (and
in the polar cap — see below) is consistent with the typical dawn-
to-dusk electric field configuration at high latitudes (Heppner,
1972, 1973, 1977; Maynard 1974; Heelis and Hanson, 1980).

The AT and BT components measured by TRIAD at about
850 km altitude and projected down along magnetic field lines
to 100 km height are displayed in Figure 2. A two-dimensional
calculation of the field-aligned current density (positive down—
ward) according to

. _ ôB (x)__ 1 T
j,,(X)—‘UO ax

(l)

shows immediately that the latitudes between x: — 500 km and
x: +300 km are covered by downward field-aligned currents
while between about x: +300 km and x: +660 km a twice
as intense field-aligned current flows upward. The level shift
seems to indicate that between x: — 500 km and x: + 660 more
current flows upward than downward (cf. Sugiura and Potemra,
1976). The significant AT component clearly shows that the cur-
rent system is three-dimensional (cf. Sulzbacher et al., 1980).

The (time averaged) AM, BM and ZM latitude profiles along
the x axis are shown in Figure 3. The ZM and especially the
AM components (note the different scale) indicate that the east-
ward electrojet increases from the west (profile 1) to the east
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up to profile 5 and then probably stays about constant (profile
6). The westward equivalent current in the polar cap (here de-
fined as the region where no field-aligned currents flow) probably
constitutes a part of the two-cell convection as described by
Friis-Christensen and Wilhjelm (1975) and Nagai and Fukus-
hima (1979). The model calculations following in the next section
will show that the strongly negative ZM components around
x: 500 km can only be explained by a latitudinally narrow but
strong westward ionospheric current just north of the eastward
electrojet. This current can probably be regarded as the sub-
storm-associated westward electrojet which often penetrates deep
into the evening and even into the afternoon sector (Wiens and
Rostoker, 1975; Rostoker et al., 1975; Horwitz et al. 1978b,
Mersmann et al., 1979 and Hughes et al. 1979). This same west-
ward ionospheric current diverges upward as a net field-aligned
current at its western end (Hughes and Rostoker, 1979; Rostoker
and Hughes, 1979).

Assuming vertical magnetic field lines the net field-aligned
currents are related to the longitudinal Hall currents as follows:

öJy(x‚ y)
J„(X‚ y):

ôy
(2)

Hence, net field-aligned currents are feeding the eastward electro-
jet west of profile 5 (east of profile 5 Jy is presumably constant).

The magnetic field of the net field—aligned currents feeding
the eastward electrojet causes positive level shifts or steps in
the latitude profiles of the east—west component observed on
the ground (Hughes and Rostoker, 1977, 1979; Baumjohann
et a1. 1980; Baumjohann and Kamide, 1981). The positive level
shifts can easily be recognized in the measured BM profiles given
in Figure 3. Despite the poor station coverage in the region
of westward Hall currents a negative level shift can be seen
north of the eastward electrojet. This negative level shift may
indicate that part of the substorm-associated westward electrojet
diverges up the magnetic field lines. However, these upward
net field-aligned currents are weaker than those downward di-
rected ones over the eastward electrojet (since the positive B
step is larger than the negative B step) and thus the SMA mag-
netometers indicate downward overall net field-aligned currents
which is an apparent contradiction to the TRIAD measurements.

However, the apparent inconsistency which has also been
noted by Hughes and Rostoker (1979) and Baumjohann et a1.
(1980) can be resolved since it is not so much a physical problem
but is more a matter of interpretation related to different defini-
tions of the term “net field—aligned current”. Ground—based
magnetometers mainly respond to those field-aligned currents
which are closing longitudinally Via the electrojets and thus
ground-based magnetometer people define these field-aligned
currents as net field-aligned currents (in accord with the original
definition by Heppner et al. 1971a, b which will also be used
throughout the present paper) while TRIAD experimenters define
net field-aligned currents as those currents which are not bal-
anced along one meridional cross section of the auroral oval.
As already suggested by Hughes and Rostoker (1979) the latter
may incorporate also field-aligned currents which close meridion-
ally via polar cap currents and which are observed by satellites
but cannot be detected by magnetometers on the ground.

We will show that in our case a part of the upward field-
aligned current observed by TRIAD is closed meridionally via
the polar cap by duskward Pedersen currents and downward
field-aligned currents in the dawn sector of the auroral oval
(downward field-aligned currents north of the dawn sector west-
ward electrojet have actually been found by Kamide et al., 1976).
Moreover, we will also show that a part of the inconsistency
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stems from the fact that the field-aligned current sheets have
different finite east-west extents and that the sheet current densi—
ties of the shorter current sheets, in particular, may be severely
underestimated when using the conventional infinite current
sheet formulas.

Numerical Modelling

From the analysis above it becomes clear that it is possible
to deduce the essential components of the current system (east-
ward electrojet, westward electrojet, polar cap currents, net up-
and downward field-aligned currents etc.) causing the aforemen-
tioned magnetic disturbances directly from the latitude profiles
displayed in Figure 2 and 3. Moreover, it is even possible to
infer some first estimates on the boundaries and longitudinal
and latitudinal current density distributions. In order to confirm
this semi-quantitative analysis and to determine final values for
electrojet boundary positions and current density distributions
we have set up the model current system displayed in Figure
4 based on our analysis above and have fitted it to our data
in the manner described below.

The Model

The upper panel of Figure 4 shows the meridional part of the
total model current system, which consists of the following com-
ponents: (l ) the duskward Pedersen currents flowing in the polar
cap and in the region of the substorm intensified westward elec-
trojet, (2) the northward Pedersen currents over the eastward

electrojet, and (3) the associated balanced field-aligned currents.
As can be seen the polar cap has been approximated by a rectan-
gle which, of course, is a crude approximation of the real geome-
try but good enough to reproduce the effects of the polar cap
currents in the Scandinavian area. While the polar cap Pedersen
current density is presumably uniform (and thus the associated
balanced field-aligned currents are also uniform in intensity)
the sheet current density of the meridional current system over
the eastward electrojet increases concurrently with the eastward
electrojet itself between y: —1,700 km to y=3ÛÛ km (profile
5) and stays constant until y=3,300 km. The latter assumption
is equivalent to a longitudinally constant Hall-to-Pedersen con-
ductivity ratio in the eastward electrojet region and is in agree-
ment with the results of Brekke et al. (1974). We should note
that our model calculations cannot confirm a strict longitudinal
constancy of the conductivity ratio. However, we can rule out
that the meridional current system stays constant with latitude
since this would lead to unrealisticly small Hall-to-Pedersen con-
ductivity ratios west of Scandinavia

The downward net field—aligned current that feeds the east-
ward electrojet between y: — 1,?00 km and y: 300 km is shown
in the lower panel of Figure 4 together with the eastward electro»
jet whose current strength increases linearly in the same region.
In the polar cap a broad sunward Hall current flows and along
the northern border of the auroral oval a substorm-intensified
westward electrojet penetrates into the dusk sector (in the region
of southward Pedersen currents) and diverges up magnetic field
lines. South of the eastward electrojet, in subauroral latitudes,
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Fig. 4. Sketch of the model current system. The upper diagram gives
the field-aligned currents in the dusk sector auroral zone and at the
dawn sector polar cap boundary which close meridionally via Pedersen
currents in the dusk sector auroral zone and in the polar cap. The
fewer pane! shows the Hall currents in the dusk sector auroral zone,
at subauroral latitudes and in the polar cap and their associated net
field-aligned currents. Circfer with dots indicate upward fieldwaligned
currents while circles with crosses show downward flowing currents.
The size of the circles and of the arrowheads and the thickness of
the arrows approximately gives the current densities of the field-
aligned, Pedersen and Hall currents, respectively. The hatched horizon-
tal bars denote equatorward and poleward boundaries of the auroral
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flows a comparatively very weak UV electrojet (see Rostoker
etal., 1979). No (possibly existing) meridional currents in the
UV electrojet region have been included in our model current
system. Not shown in the figure but included in the model is
a downward net field-aligned current sheet (of the same sheet
current density as the upward net field aligned current over
the westward electrojet) at the northern border of the dawn
sector auroral oval. Such currents have been reported by, for
example, Iijima and Potemra (1976), Sugiura and Potemra
(19%), McDiarmid et al. (1978, 1979) and Hughes and Rostoker
(19?9).

In order to calculate the magnetic fields caused by the model
currents at the ground and along the TRIAD trajectory we
have divided the ionosphere in small cells of Ay=50 km and
ex: 60 km each and approximated the current density distribu-
tion by vertical and horizontal line currents whose current
strength is constant within a single cell. Since the geometry of
the Spherical earth is somewhat distorted by the transformation
into the Kiruna system at great distances from Kiruna especially
in the polar cap, any absolute values given for x or y greater
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Fig. 5. a Model current density distribution along the TRIAD track
of the net field-aligned currents feeding the eastward electrojet and
diverging from the westward electrojet and from the polar cap Pedersen
currents. b Horizontal magnetic components along the satellite track.
3,, is caused by the net field«aligned currents feeding the eastward
electrojet. BP is caused by the net field-aligned currents diverging from
the westward electrojet and the meridional polar cap current system.
B“, is the sum of B, and BP and Any-sing is the respective north-south
component (x denotes the inclination of the field lines). c Magnetic
field perturbations measured on the ground. The same notations are
used as in b

than, say, 1,500 km should be regarded more qualitatively than
quantitatively.

For a non—homogeneous conductivity distribution the mag-
netic field on the ground will be severely influenced by the pres-
ence of the net field-aligned currents (Baumjohann et al., 1980).
Therefore we first derived the net and balanced field-aligned
and Pedersen current densities by fitting the calculated BT (at
satellite altitude) and BM (on the ground) components to the
corresponding observed components (these are not influenced
by the east-west Hall currents). After subtraction of the calcu-
lated AM and ZM components due to the same currents from
the observed components, the heightintegrated eastward and
westward l-Iall current densities in the ionosphere have been
calculated from the residual components by field separation and
upward continuation as described by Baumjohann et al. (l9i’9)
and Sulzbacher et al. (1980).

Hence, in the following we will first give parameters of net
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Fig. 6. a Model current density distribution along the TRIAD track
of the balanced field-aligned currents closed by northward Pedersen
currents in the auroral zone. b Horizontal magnetic components along
the satellite track caused by the meridional current system in the
auroral zone. c Magnetic components on the ground. The same nota—
tions are used as in b

field-aligned currents and polar cap currents and their associated
magnetic fields on the ground and at TRIAD‘s altitude (pro-
jected down along magnetic field lines to ionoSpheric heights),
then those of the meridional current system in the auroral zone
and finally compare ionoSpheric Hall and Pedersen currents.
Afterwards we will compare calculated and measured fields due
to the total current system, include electric field data and derive
conductivities.

Net Field-Aligned and Polar Cup Currents

The resultant distribution along the TRIAD trajecory of those
field-aligned currents that close either longitudinally via Hall
currents in the auroral zone or meridionally via polar cap Peder-
sen currents is displayed in Fig. 5a. The magnetic field compo-
nents generated by these currents and the dawn-to-dusk polar
cap Pedersen currents along the TRIAD trajectory and at the
SMA stations are shown in Figure 5b and 5c, respectively.

The field-aligned current sheet that feeds the eastward electro-
jet extends about 2,000 km in longitude and has a sheet current
density of about 220 MATH—1 and a maximum current density
of 0.4 “Alu—3. North of this rather broad region of downward
net field-aligned currents exists a latitudinally more confined

but longitudinally more extended (about 5,000 km) region of
intense upward field-aligned current (up to 2.2 nAm' 2). About
60% of these upward field-aligned currents (125 mAm”) are
closed via the polar cap while 40% (95 mAm‘ 1) originate from
the longitudinal divergence of the westward electrojet.

Hence, between y: —- 1,700 km and y: + 300 km the down-
ward net field-aligned currents feeding the eastward electrojet
have the same sheet current intensity as the upward field-aligned
currents to the north and it is only east of y: +300 km (where
the longitudinal divergence of the eastward electrojet is zero)
that more fie1d+aligned current flows upward than downward.

Figure 5b, where we have displayed the magnetic effects of
the downward net field-aligned currents and of the upward net
field-aligned currents and the meridional polar cap current sys-
tem at TRIAD’s altitude separately (3,, and BP, respectively),
shows clearly that the finite extent of the field-aligned current
sheets has to be included, particularly to reproduce the TRIAD
observations: if the east-west extent of the downward field-
aligned current sheet were not much smaller than that of the
upward field-aligned current sheet (2,000 km viz. 5,000 km), the
level shifts of the equally strong downward and upward field-
aligned current sheets would just cancel each other. The A com-
ponents observed at TRIAD and on the ground are mainly
caused by edge effects of the downward net field-aligned current
sheet.

The Meridional Auroral Current System

As stated above, we have assumed that the ZH/ZP ratio is longitu-
dinally constant in the eastward electrojet region and thus the
Pedersen and balanced field-aligned current density in the dusk
sector of the auroral zone is supposed to grow linearly between
y: —1,700 km and y: +300 km with the eastward electrojet
and to stay constant east of y= + 300 km.

In Figure 6a the balanced field-aligned current density is
displayed along the satellite trajectory. Again, the downward
field—aligned currents are more broadly distributed (over about
800 km) but less intense (0.4~0.8 uAm‘ 2) than the upward field-
aligned currents to the north (300 km and up to 2.3 uAm‘ 2).

The latitude profile (along the satellite trajectory) of the east-
west magnetic field component caused by the meridional auroral
zone current system (Bm) is shown in the lower panel of Fig-
ure 6b. The maximum amplitude of this nearly toroidal magnetic
field amounts to about 440 nT. Since the current density of
the meridional current system increases to the east, some magnet-
ic flux leaks out and can be seen in the slightly negative 3m
components north and south of the meridional current system
and especially in the north-south Am components (upper panel
of Fig. 6b) which show a positive deflection of about 30 nT
in the south and a negative one of about 35 nT north of the
3," maximum.

The leakage of magnetic flux out of the meridional current
system can also be seen on the ground (Fig. 6c). Here the Am
component amounts to about 30%—60% of that seen at satellite
altitude and the ‘leakage‘ 8,, component has about 60% of
its magnitude calculated for the TRIAD trajectory. The Z”, com-
ponents (lower panel of Fig. 6c) stem from gradients of the
ionospheric Pedersen currents.

Height-Integrated Ionosflieric Half and Pedersen Currents

The height—integrated Hall current density JH and Pedersen cur-
rent density JP along the satellite trajectory (y=l25 km) are
displayed in Figure 7. The Hall current density was calculated
by field separation and upward continuation of the measured



AM and ZM components to 120 km altitude (average height of
eastward electrojet after Kamide and Brekke, 1977) after the
aforementioned A”, Am, Z“, and 2,, had been subtracted. At
y=300 km, where the eastward electrojet has its maximum, the
maximum Hall current density amounts to about 800 mAm‘1
and the total Hall current to 4.15- 105 A. The height—integrated
Pcdersen current density reached a maximum value of
420 mAm‘ 1. The total Hall current strength increases by
210 mAm‘ 1 when going to the east as compared to the indepen-
dently calculated downward net field-aligned sheet current den—
sity of 220 mAm‘l and thus current continuity after Eq. (2)
also holds quantitatively. The difference in the reversal of the
direction of Hall and Pcdersen currents is mainly due to the
poor data coverage on the ground north of the Scandinavian
coastline and thus to some uncertainty in the Hall current density
distribution north of x=300 km. Part of this difference may
also be due to uncertainties in the calculation of the TRIAD
magnetic field baseline.

South of the eastward electrojet the so-called UV electrojet
can be recognized. It is very weak and has a heightuintegrated
Hall current density of less than 40 mAm‘ 1. North of the east-
ward electrojet a small region of enhanced westward Hall current
(about 600 mAm"1) can be seen which may be identified as
the substorm-associated westward electrojet. Note that there is
no enhancement of the Pcdersen current in that region. Within
the polar cap a Hall current with a height-integrated current
density of about 300 mAm' 1 is flowing, compared to the afore-
mentioned dawn-to-dusk Pcdersen current of 125 mAm‘ 1.

Comparison of Calculated and Measured Magnetic Fields
Due to the Total Current System

All measured magnetic field and equivalent current vectors at
TRIAD and on the ground, respectively, are shown in Figure
8 by dashed arrows, while the values calculated from our best-fit
model are indicated by solid arrows. It can be seen that there
is a very good fit of the equivalent current vectors measured
and calculated on the ground and also a good fit of the measured
and calculated east-west 19T components along the satellite track,
but the measured AT component is not reproduced so well.

In particular, the calculated ET is the sum of B", BP and
3,, shown in Figures 5b and 6b and reproduces the measured
BT nearly exactly if one adds a uniform field of 40 nT which
can be ascribed to uncertainties in the base line reduction scheme
(Gustafsson etal., 1981). The calculated AT at TRIAD altitude
results mainly from the edge of the downward nct field-aligned
current (A,,,, Fig. Sb), from the leakage of the nearly toroidal
magnetic field within the meridional current circuit (Am, Fig. 6b)
and from the field of the ionospheric Hall current at TRIAD
altitude (not shown here, but see Sulzbacher et al., 1980, for
a more complete analysis of this contribution). Even if a uniform
field of —100nT (due to base line uncertainties) is added to
AT, a clearly visible difference remains. This difference has prob-
ably mainly to be attributed to an enhancement of upward field-
aligned currents in the region of the terminator (x: 300u600 km)
that are not included in the model but have been observed earlier
by, for example, Hughes and Rostoker (1979).

On the ground, the calculated A M component is mainly due
to the Hall currents and includes the A“, (Fig. 5c) and A,,,
(Fig. 6c) contributions. The calculated BM components are com—
posed of the above discussed 8",, (Fig. Sc) and B," (Fig. 6c).
They fit the measured BM components if a longitude-dependent
but latitudinally uniform field is added that decreases from west
(about + 15 nT) to east (about — 15 nT). The cause of this field
contribution is as yet unclear. The ZM components on the ground
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are mainly caused by the Hall currents, but are also influenced
by the longitudinal gradients of the meridional current system
(2",, Fig. 6c). The east—west gradients in the 2,,I components
partly balance those caused by the eastward electrojet and are
thus the cause for the comparatively weak east-west gradients
in the measured 2,, components (Fig. 3).

Electric Field and Helglzlulmegraletl Cor-uluctloilles

In Figure 9 we display contours of the electric field derived
from the Trondheim radar measurements under the assumption
that the electric field is parallel to the x axis (see above). It
can be seen that the electric field amplitude increases nearly
linearly from south to north and also, but more weakly, from
east to west.

The two-dimensional distribution of the height-integrated
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Fig. 9. Contours of the northward ionospheric electric field calculated
from the Trondheim radar observations under the assumption that
the electric field is directed parallel to the x axis
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Hall conductivity is easily calculated from the electric field values
and the Hall current density derived from the two-dimensional
SMA observations. EH is shown in Figure 10 and ranges from
8—20 S. EH decreases linearly to the north and increases to the
east. Both features, i.e. latitudinal anticorrelation between Hall
conductivity and electric field and increase of Hall conductivity
to the east, have also been observed by Baumjohann et al. (1980)
in the same MLT sector. It should be noted that Scandinavia
is still slightly west of the terminator (of. Fig. l) and that the
solar-UV generated conductivity may play a role in the eastward
electrojet region. However. the increase of the Hall conductivity
to the east is clearly anticorrelated to the solar zenith angle
and must be due to increasing particle precipitation closer to
magnetic midnight.

Since the Pedersen current density is calculated on the base
of the latitudinal TRIAD measurements and the two-dimen-
sional distribution of JP in our model was based on the assump"
tion of an east-west uniform Zig/2p ratio. it is of no use to
give a two-dimensional 2P distribution. However, 2p may be

calculated along that part of the satellite trajectory that lies
within the STARE observation area. Here 2„ decreases nearly
linearly from about 10 S in the south to 5 S in the north.

The Hall to Pedersen conductivity ratio can be calculated
along the whole satellite trajectory even north of the STARE
observation area, since this calculation involves only JH and
JP. The result is shown in Figure 11 and it can be seen that
ZH/Zp is about 2 in the eastward electrojet region while it in-
creases up to 8 within the substorm-associated westward electro-
jet and decreases to values around 3 in the polar cap. No values
can be given for the region where J” and JP reverse their direction.
The error bars in the northern part of the ‚EH/2P ratio profile
stem from uncertainties in the interpolation of the magnetic
field latitude profiles between the two northernmost observato-
ries and the stations on the Scandinavian mainland.

Discussion

In the following we will discuss some aspects of the coupling
between large-scale field-aligned currents and ionospheric cur-
rents in the dawn-dusk sector, which are not yet fully understood
(Hughes and Rostoker, 1979). For the analysed event on 4 Janu-
ary 1979 we have provided quantitative values for main ionov
spheric and field-aligned currents. The calculated values for
fields, currents and conductivities are within the range of other
values derived from satellite and radar measurements. Moreover,
it is possible to draw conclusions on the energy of precipitating
particles in the dusk sector from the calculated ZH/EP ratios.

The Large-Scale Three-Dimensional Current System
in the Dusk Sector
The model calculations strongly support our statement above
that the inconsistency between downward net field-aligned cur-
rent determined from ground-based magnetometers and upward
net field-aligned current seen by satellite magnetometers in the
afternoon sector is an apparent one and can be resolved by
taking the polar cap currents and the different finite extent of
the field-aligned current sheets into account. Figure 12, where
we show 15’M and BT profiles calculated for our model current
system between y: — 1,700 km and y= +800 km (about
13—19 MLT) every 500 km (about 1 h local time), shows this
even more clearly: Between y: ~— 1,700 km and y=300 km the
ground-based BM profiles (left panel) show positive and negative
level shifts mainly due to the downward net field-aligned current
feeding the eastward electrojet and the comparatively weaker
upward net field—aligned current diverging from the substorm
associated westward electrojet, respectively. More easterly, i.e.
at y: 800 km (about 18—19 MLT), only edge effects of the down-
ward net field-aligned current sheet can be seen, but they still
have about the same magnitude as the disturbance caused by
the weaker upward net fieldvaligned currents. The BT profiles
(right panel) show, throughout the whole longitudinal range,
negative level shifts, which are substantially caused by the meri-
dional polar cap current system with its long east-west extent
and its nearly toroidal field. In the conventional infinite current
sheet interpretation those would be ascribed to upward net field-
aligned currents, but it is only at yè300 km where more field-
aligned current flows upward than downward.

Moreover, Figure 12 shows that our results are in qualitative
agreement with more statistical observations by Hughes and
Rostoker (1979), who give average BM profiles, and the ISISHZ
measurements by McDiarmid et al. (1978, 1979), whose dusk
sector auroral oval and especially polar cap BT measurements
fit quite well to our model profiles. The measurements of
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McDiarmid et al. (1978, 1979) fit nearly exactly if one assumes
that our observations were made during a period when the IMF
19z component was negative and B, was close to zero. However,
a wide range of IMF orientations can easily be reproduced sim-
ples by changing the current densities in our model.

Hence, our results suggest that, in contradiction to earlier
analyses of either purely ground-based or purely satellite magnet-
ic data (e.g. Sugiura and Potemra, 1976; Iijima and Potemra,
1976, 1978; Hughes and Rostoker, 1977, 1979), during active
times no more field-aligned current may flow in than out of
the afternoon sector of the auroral oval. This is consistent with
an earlier proposal made by Heppner in 1971a, b. However,
it may well be that during quiet times, when eastward and west—
ward electrojets and the associated net field-aligned currents
are very weak, the polar cap current system may still persist
and thus significant field-aligned currents may flow out of the
ionoSphere along the northern border of the afternoon auroral
oval

ZH/Zp Ratio and Lotituo’inoi Morphology
of Precipitating Particles

The ZH/EP ratio shown in Figure 11 is within the range of values
found by other observational methods such as the Chatanika
radar (Brekke et al., 1974; Horwitz et al., 1978 a, b; Vickrey
et al., 198l); rocket-borne measurements (Evans etal., 1977;
Behm et al., 1979; Cahill et al., 1980; Brüning et al., 1981; Theile
et al., 1981) and satellite detectors (Wallis and Budzinski, 198l)
in the afternoon and evening sector of the auroral oval. This
is expecially gratifying since our method (see also Baumjohann
et al., 1979, and Sulzbacher et al., 1980) is quite different from
the methods given above: our method involves only magnetic
field measurements but no neutral atmosphere model as all the
others do.

According to the results of Rees (1963) and, for example,
Vondrak and Baron ( 1977) and Vondrak and Sears (1978), con-
clusions about the energy of the precipitating particles can be
drawn from the ZH/ZP ratio (see also Sulzbacher et al., 1980).
From the relatively small Eff/2,. ratio between x: —- 500 km and
x: —250 km we may conclude that the energy of particles preci-
pitating in this region is rather small, while the increasing ratio
in the central and northern part of the eastward electrojet indi-
cates a hardening of the precipitating particle population. The

500 1000 x [k m]

comparatively high EH/ZP ratio in the westward electrojet region
gives an additional hint that this current is associated with a
substorm, i.e. caused by the injection and precipitation of high-
energy particles during the substorm.

It is somewhat astonishing that the ZH/ZF ratio is greater
in the polar cap than in the eastward electrojet region. This
means that the particle population precipitating in the diffuse
aurora and originating from the central plasma sheet (cps; Winn-
ingham et al., 1975; Lui et al., 1977) must be less energetic than
that precipitating in the polar cap. However, usually the polar
rain is less energetic (around 100 eV) than the cps precipitation
(around 1 keV) and we may thus conclude that during the present
event the polar cap conductivity was created by the substorm-
associated polar squall (Winningham and Heikkila, 1974) which
can include electrons with energies higher than 1 keV.

Conclusions

In the present study we were able to fit a three-dimensional
model] current system to simultaneous SMA and TRIAD obser-
vations of magnetic disturbances in the dusk sector. Accordingly
it was possible to determine quantitatively the parameters of
the main current loops and to get relevant information on the
coupling between ionospheric and field-aligned currents in the
dusk and also partially in the dawn sector. We have presented
evidence that our model current system is at least qualitatively
representative of the magnetic observations obtained by ISIS-2,
TRIAD and the Alberta magnetometer chain and that it can
resolve an apparent contradiction that resulted from ambiguities
when interpreting either groundbased or satellite magnetic mea-
surements alone. Calculation of the ZH/Zp ratio along the
TRIAD trajectory from magnetic measurements alone enabled
us to draw conclusions about the energy of precipitating particles
along that meridian and by including measurements of the
STARE Trondheim radar and assuming that the ionospheric
electric field was aligned perpendicular to the eastward electrojet
we could calculate the two-dimensional distribution of the Hall
conductivity within the STARE observation area.

In our opinion, the result most relevant to the physics of
current systems in and above the auroral zone is that during
times of high magnetospheric activity, as in the present case,
inward and outward field-aligned currents tend to be totally
balanced in the afternoon sector but that there are different
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ways to close these currents meridionally (by auroral zone and
polar cap Pedersen currents) and longitudinally (via Hall cur-
rents). The distinction between the field-aligned currents closing
via Pedersen and those closing via Hall currents is particularly
important, since it is very likely that they have different sources:
Pedersen currents dissipate energy through Joule heating and
thus the field-aligned currents feeding them must be driven by
a magnetospheric generator (Rostoker and Bostrom, 1976) while
the Hall currents do not involve energy dissipation and the source
of the field-aligned currents feeding and closing them does not
require input and may be either constituted by the vorticity
of the magnetospheric plasma drift (Rostoker, 1979) or by longi-
tudinal gradients in the ionospheric conductivity (Akasofu et al.,
1981)
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Adiabatic Invariant of the Non-Relativistic Particles
in the Field of a Shock Wave*

A.G. Chirkov, K.Sh. Khodjaev, S.D. Shatalov, and V.N. Vasiliyev
Polytechnical Institute M.I. Kalinin, Leningrad 195251, USSR

Abstract. The asymptotic technique of Krilov and Bogolubov
has been used to investigate the motion of charged nonre-
lativistic particles in the field of the MHD-shock wave. A
new adiabatic invariant has been found. For the weakly in-
homogeneous field, this coincides with the known one.

In the case of a piston shock wave, after transition
through a MHD shock front of limited thickness, the energy
of the particle should increase according to the rule EJ_/H
=const.

In the case of an explosive shock wave, when the rarefac-
tion wave follows the compression wave, the energy of the
particle does not change.

Key words: Charged particles — MHD shock wave — Adia—
batic invariant

This paper deals with the collision of a non-relativistic par-
ticle with the front of the MHD shock wave moving across
lines of magnetic force H=H (x) e2. In the coordinate system
where the front is immovable, the electric field is constant
over the whole area, E=Eey (by choosing the direction of the
axis one can always have E >0).

The equation of motion of the particle having mass m and
charge e acted on by the electric and magnetic fields is:

i‘=e/mE+:r><H (1)
mC

where r is the radius-vector of the particle, c the speed of
light.

Let us introduce into Eq. (1) a non-dimensional time
equal to the product of dimensional time with the Larmor
frequency of the particle in the unperturbed region facing the
front w1=eH1/mc, and non—dimensional coordinates equal to
the ratio of the dimensional coordinates to the Larmor radius
of the particle RL—-:cpl/eH1 in the same region, where p is the
particle momentum Projecting (1) on the axis and retaining
non-dimensional coordinates denoted by x and y as formely,
we have

5c=u

ù=h(x)v (2)
Ù=8—h(x)u

* Paper presented at the Workshop on Acceleration of Particles by
Shock Waves, October 7—9, 1980, Max-Planck-Institut fur Aero-
nomie, Lindau, Federal Republic of Germany
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where v=y°, 8=cE/l1, h(x)=H(x)/H1. The motion along
the axis 2 is uniform and not connected with the motion
along x and y. In the case under consideration 8———w/v1 is a
small value (w being front velocity). In contrast to problems
considered by Bogolubov and Mitropolsky (1979), which have
been well studied, the function h(x) cannot be assumed to be
slowly varying.

Let us have ‘C as a new variable with the relationship v=t
—A(x) (see e.g. Khodjayev et a1., 1981), where

A(X)=l h(ë)dë.
O

From (2) we have £28, from which we get

r=8(t—t0)+ro, T0 = ”(to) + A(x(t0)).

Using the new variables we can write system (2) as

x'=u

u'=(»c —A(x)) h(x) (3)
f=8.

Equation (3) describes the one-dimensional motion of a
fictitious particle acted on by a slowly varying field with
potential

U(x)=è(r—A(x»2.
In the case of the shock wave, the function h(x) does not

change its sign. In this case A(x) is a strictly monotonic
function and the phase trajectories of system (3) are closed, r
being constant. The motion of the fictitious particle is then
oscillation. The centre, amplitude and “period” of these oscil-
lations are slowly varying. The centre of oscillations (guiding
centre) xc, to fairly good accuracy, is the root of the equation

r—A(xc)=0

the amplitude is x2~x1, where x1, x2; x1<x2‚ are the roots
of the equation 2EL =(t—A(x))2 where

Ei=%u2+%(r—A(x))2.
System (3) has the adiabatic invariant (Arnold, 1979).

1(Ei,t)=%Tl/2Ei—(t—A(€))2 dé. (4)

This means that within the time interval

t0§t§t0+T/8
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we have the relationship |I(t)—I(t0)| êce where c is a number
which depends on T but does not depend on 8, i.e. the
function is constant to an accuracy of 0(8) quantities within
the time intervals 0(1/8).

Since

dI/dEi= 1/w4z0

we can resolve the relationship with respect to El=El(I, t)
and define the energy change to a first order approximation,
within time intervals of the order of 1/8 as

E1([1)“E1(to)=Ei(10> rl)——Ei(IO, to).

It is worth noting that the fluctuation of the magnetic
field, having typical scales of the order of the Larmor radius,
can easily be shown not to affect the dynamic characteristics
of the particle.

The adiabatic invariant I (Ei,r) is constant within the
time intervals [~1/8 which is equivalent to the displacement
along the x axis across the front at a distance of the order of
some RL.

Accordingly, let us consider the energy change of the fast
particle transient through the shock front for the three re-
lationships of the front thickness ô and Larmor radius RL:
1) ö<RL 2) öNRL 3) ö>>RL.

In the first two cases we have a transition of the particle
from the region of the weakly inhomogeneous field in front of
the shock front to that behind the front, moving through the
region of strong inhomogeneity. For the weakly inhomo-
geneous field we have the adiabatic invariant EL/h(xc) re-
tained, while for the region of strong inhomogeneity the in-
variant is given by Eq. (4). The adiabatic invariant, according
to Eq. (4) for the weakly inhomogeneous field is, with ac-
curacy 0(8):

I il; 3121/i —h2(x.)<é ——x.)2 d5 =Ei/h<x.>. (4a)
In ofter words adiabatic invariant (4), calculated for the

weakly inhomogeneous field conicides with the known one.
Thus, on its transition from the first region to the region

of strong inhomogeneity, the particle will have the value of
invariant calculated from Eq. (4) which is equal to the value
of invariant Ell/hlbcc) in the region facing the front. Then,
crossing to the region behind the front, the particle will have
the value of adiabatic invariant El2/hz(xc) which is equal, by
virtue of (4a), to the value of the adiabatic invariant accord-
ing to Eq. (4) in the region of strong inhomogeneity and the
value of invariant Err/(110%) in the region before the front.
The full transition of the particle from the one region to the
other (in spite of strong inhomogeneity) is described by the
following relationship

— . (5)

The direct numerical integration of Eq. (2), carried out by
the authors, confirms this conclusion.

The numerical study of case 6<<RL was carried out by
Pesses [1980] and confirmed our analytical result.

In the third case the field varies slowly over distances of
the order of RL, but the known result discussed by Bogo-
lubov and Mitropolsky [1979] as confirming rule (5) is a
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trivial consequence of geometry, i.e. E 1 and h both stay
constant at distances of the order of RL. Obviously further
research is needed in order to estimate the energy variation of
the particle on its complete transition through the front, i.e.
at distances much greater than RL.

The calculation (using the averaging technique for the
equation of motion deveIOped by Krilov, Bogolubov and
Mitropolsky) shows that rule (5) is valid within time intervals
t~1/82, i.e. within distances much greater than RL. From the
explicit form of the averaged equations it follows that ad-
ditions to Ei/h in the third and higher orders contain grad
h(x). Therefore, on the transition of the particle from the
region of constant field in front of the shock front to the
region of constant field behind the front (both in the case of a
compression wave and in the case of a rarefaction wave), rule
(5) describing the energy change of the particle holds well.

We should note that generally, in the case of motion of
the particle in the slowly varying field, the value Ei/h is a
non-trivial adiabatic invariant to a first approximation. In
this instance, however, the adiabatic invariant occurs as a
second approximation and its having a well-known form can
be assumed to be a coincidence. It is also important to point
out that it is in these time intervals t~1/.e2 that the adiabatic
invariant is conserved.

Thus, in the case of a piston shock wave, while the par-
ticle is transient through the MHD shock front at limited
thickness, the energy of the particle will increase according to
rule (5).

In the case of an explosive shock wave, when the rarefac-
tion wave follows the compression wave, with the field re-
turning to the unperturbed value afterwards, the energy of the
particle does not change for any order of the theory of
perturbation.

Conclusions

The problem of the transitional charged particle in crossed
weak electric and strongly inhomogeneous magnetic fields is
reduced to a general solution which is arrived at for the first
time. Given the interaction of the non-relativistic charged
particle with the field of the MHD shock wave at limited
thickness, the adiabatic invariant is found. For any relation-
ship between the radius of gyration of particle RL and front
thickness ô the increase of energy is shown to occur at the
transition of the particle through the front according to the
following rule: El/h=const.
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Abstract. A workshop of the Commission on Controlled
Source Seismology in the International Association of Seis-
mology and Physics of the Earth’s Interior was held at
Karlsruhe, F.R.G., on August 1—6, 1977. The aim was the
comparison of various interpretations derived from a set
of several explosion seismic data. These same data had been
distributed to the participants before the meeting who inter-
preted them by different inversion methods. In the work—
shop itself the interpretations of the various authors were
discussed, especially with respect to differing or conflicting
results. Out of the distributed data two sets were discussed
in more detail: A synthetic crustal record section whose
source structure was not known to the participants, and
a record section of real field data which was part of the
LISPB experiment through the British Isles in 1974. Meth-
ods of interpretation were based on the travel-time informa-
tion and the calculation of synthetic seismograms. This
paper summarizes and compares the interpretations
achieved before, during and after the workshop. The variety
of velocity-depth functions reflects primarily the differences
in the correlation of phases by the various workers. Never—
theless, it can be concluded that the main structural charac-
teristics for both data sets were worked out by all partici—
pants.

The use of synthetic seismograms during the interpreta-
tion of seismic data proved to be very important in arriving
at a model which approximates the truth from among the
many possible velocity-depth models which satisfy the trav-
el-time observations alone. Only laterally homogeneous
structures were considered in this workshop.

Institute of Geophysics, Zürich, Contribution No. 360
Geophysical Institute, Karlsruhe, Contribution N0. 247

Key words: Crustal structure — Explosion seismic data —
Interpretation methods — Travel times — Synthetic seismo-
grams

Introduction

The Commission on Controlled Source Seismology (CCSS)
in the International Association of Seismology and Physics
of the Earth’s Interior (IASPEI) held a workshop on
“Comparative Interpretation of Explosion Seismic Data”
at Karlsruhe, West Germany, on August 1—6, 1977. A prime
objective of this workshop was for a group of seismologists
to compare independent interpretations of a number of
identical data sets provided before the meeting in the form
of record sections. The groups were free to use whatever
inversion methods they preferred.

Two out of five data sets of different character and
origin which received the highest attention will be discussed
here in detail: A synthetic record section for a crustal struc-
ture which was kept unknown to the interpreters (Data
Set 1), and a crustal record section from the LISPB experi—
ment in Great Britain (Data Set 2) (Bamford et al., 1976;
1978). Both data sets contained only compressional phases.
To stimulate fruitful discussions, participants were re-
quested to submit their interpretations well in advance in
order to distribute them prior to the workshop. Thirty par-
tieipants contributed to the workshop, and those listed as
authors have been working intensively with the two data
sets discussed here.

The success of the workshop was greatly enhanced by
the direct access to computer facilities which allowed the

0340—062X/82/0051/0069/$03.20
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immediate computations of travel times and synthetic seis-
mograms for models as they resulted during the discussions.
A summary of the results was presented at a poster session
of the IASPEI meeting in 1977 in Durham, England
(Bamford et al., 1979).

Data Set 1: Synthetic Record Section

The inversion of a synthetic record section computed for
a given crustal model has the advantage that it is possible
to check how closely the inverted models approximate the
given “true” model. Furthermore any discrepancies in cor-
relation or identification of secondary arrivals and how
much they affected the inversion could be studied, since
the phase—identifications in terms of the original model were
available during the workshop.

Figure 1 shows a simple crustal model from which the
synthetic record section in Fig. 2 was computed in Karls—
ruhe, using the reflectivity method (Fuchs and Muller,
1971). In order to produce a realistic case numerical noise
was added to the synthetic seismograms. The resulting inter—
ferences caused phases which could be mistaken as true
arrivals due to structure, as will be seen in the following
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Fig. 1. Model for the synthetic record section (Data Set 1) in Fig. 2

discussions. Twelve different velocity-depth models were
produced by participants of the workshop (Fig. 3).

Out of the many methods of interpretation for crustal
refraction data only the most frequently used were applied
to these data and only those will be discussed in detail.

Models B, C, D, F, G and H come very close to the
original structure A and vary little from each other. The
models B, C, D, F were derived using the following scheme:
— Prograde travel-time branches were correlated and a pre-
liminary model from apparent velocities and intercept times
was determined. Critital distances were fixed by the qualita—
tive study of amplitudes.
— Travel-time curves by stepwise adjustment were calcu-
lated, starting from the previously derived preliminary mod-
el.
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— Synthetic seismograms were calculated by means of ray
theoretical methods (Cerveny et al., 1977) or the reflectivity
method by Fuchs and Muller (1971).
Figure 4 shows an example of travel-time curves for model
D (Fig. 3). Synthetic seismogram sections are shown in
Figs. 5 and 6 for models D and F (Fig. 3), using the ray
theoretical and reflectivity methods, respectively. In all
cases the travel times and amplitudes fit the original data
quite well. Models B, D and F contain no velocitiy gra-
dients, in agreement with the original model.

Mykkeltveit (Model G, Fig. 3) uses a different approach
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Fig. 4. Travel-time curves by Ansorge, Mueller, Banda for Data
Set 1 (Fig. 2), (reduction velocity 6 km/s)
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(Mykkeltveit, 1980). After identifying one arrival as the
reflection from an interface, he varies the angle of incidence
and calculates for each ray pairs of velocity v and depth
z, which lead to the same value of travel time t and distance
x thus forming a curve in the v,z—diagram. This procedure
is repeated for another arrival of the same phase, i.e. the
same reflection observed at a different distance. The inter-
section of the corresponding two curves in the v,z-diagram
defines the correct velocity-depth value for this reflection.
This method is applied after the parameters of the top layers
have been deduced by conventional means from the correla-
tions c and b in Fig. 7. The arrows of Fig. 7 show the choice
of points for modelling the structure at greater depths. Once
a layer is identified, it is included in the known velocity
distribution and the procedure is repeated for the determi-
nation of v and z in the next layer. Finally, the velocity
of the lower halfspace is estimated from the apparent veloci—
ty of the refracted wave h in Fig. 7. The resulting velocity-
depth model G in Fig. 3 is almost identical to the original
one. This excellent agreement is obtained thanks to the
existence of very well developed under- and over-critical
reflections, due to the first—order discontinuities.

Another inversion technique is applied by Giese (Fig. 8).
Starting with a very similar correlation of travel-time curves
(see for comparison Figs. 4 and 8), he determines a first
approximate model using, for prograde branches, the equa-
tlon
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Negative velocity gradients are then introduced in order
to limit the observed distance of certain travel-time
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branches, e. g. phase c in Fig. 8. The resulting model (Fig. 8
and model E in Fig. 3) deviates slightly from the original
one, but the main structural features are clearly obtained.
This model was not specially checked, however, by the re—
calculation of synthetic seismograms.

The models H to N in Fig. 3 have been determined
by methods widely used in the USSR. The interpretations
were based only on the kinematic features of the waves.
Starting with essentially the same correlation as shown in
Fig. 9, the travel-time branches are identified as reflected
or refracted phases in a first step for all models.

Bessonova, Fishman, Reznikov and Sitnikova used the
so-called Tau-method (Bessonova et al., 1974, 1976) to
derive models H to K in Fig. 3. After correlating travel—time
curves in the record section, discrete travel times t(x) are
inverted into delay times r(p) = t(p) ——px(p), p being the ray
parameter. Bounds on the delay times arising from a given
accuracy of travel times t(x) are used to generate extreme
bounds on the velocity—depth distribution (Fig. 10), which
themselves are not possible solutions.

Based on the correlations chosen by Bessonova et a1.
with an accuracy of i003 s, the deduced extremal bounds
on the velocity-depth distribution (Fig. 10) do not exclude
the possibility of low-velocity zones. Consequently the two
models I and K in Fig. 3, which are those preferred by
the authors from the variety of possible models, show
details which the original model does not contain. Models
H to K satisfy the travel—time observations equally well.
Phases caused by the upper boundaries of low-velocity
zones may easily be missed depending on the actual signal
to noise ratio. In addition, the relative amplitudes of phases
are widely governed by the velocity gradients across bound-
ary zones; therefore only the use of synthetic seismograms
allows separation of models with the same kinematic char-
acter. Model L (Fig. 3) was determined using a program
by Geyko (1970), which is based on the method developed
by Gerver and Markushevich (1967). In this procedure the
depths of reflectors are estimated from the near-critical re-
flections and the vertical velocity gradient above the reflec-
tors from the reversed branches. The entire time-distance
curves are used for the determination of minimum and max—
imum velocity in the layer between the reflectors. Thus the
solution for each layer, i.e. for each segment of the function
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o(z), consists of three parameters: the lower boundary of
the layer, the maximum velocity and the minimum velocity
in the layer. The depths of cm,“ and on,“ depend on the
velocity gradient obtained (Model L, Fig.3). This model
agrees with the observed travel times to within the standard
deviation of i005 s, although the resulting amplitudes
have not been checked.

Model M (Fig. 3) was derived by Jurov who identified
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.. b v,(x) (Riznichenko, 1946):
G ____

x dx
Unix) = _— ' — -

5 _ Æ _ z dt

II _‚ If v,(x) is constant or increases with x, the wave is consid-
ä ered to be a reflection, if 12,,(x) decreases with x, the wave
â is considered to be a refraction or diving wave. Velocity
fa depth functions were calculated by assuming first-order dis-‘Ü' j ‚s q continuities, which allows the tz—xz method for reflections

:1: (Fig. 11) and the intercept-time method for refractions.
-

Jurov (1978) concludes that the vertical average velocity
ü is related to the effective velocity v, at Jar/2220.540 by
Ü; 0.995 a, for reflections from boundaries in the upper
crust and û; 0.98 1.2,, for PMP reflections.

The fi-values were used for the calculation of layer velo-
cities. These were compared with the apparent velocities
of the waves b. d, e, g (Fig. 9) at large distances. Slight
differences were observed only for the layer between the
boundaries b and d. Its layer velocity was determined as
5.985 kin/s while the apparent velocity of the wave r at
the distance range 50—70 km is 6.01 km/s. It was supposed,
therefore, that two layers exist between the boundaries b
and d. In the upper layer the velocity increases with depth
up to 6.01 km/S, in the second layer the velocity is smaller.
To prove this assumption an attempt was made to identify
reflections from the top of the low-velocity layer. Such re-
flections were not found, but it is possible to consider the
wave g” as peg-leg reflections (a channel wave) inside the
low-velocity layer (Fig. 9). The next layer considered in
detail was the fifth layer having a gradient zone at a dcpth
21—24 km in model M (Fig. 3), which corresponds to the
time—distance curve g (Fig. 9). This zone is caused by a
correlation where v,(x) seems to decrease with x because
of interference between phases a and 3 (Fig. 9). The sur)
curves calculated for the model M of Fig. 3 coincide with
the correlated curves within a standard deviation of
$0.03 3.

Pavlenkova (Model N, Fig. 3) inverts the first-arrival
times into depth using a formula by Pavlenkova and Smel-
janskaja (1969):

z—î]
/vP—v_

_ _32 oP+v
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where 15:Ä and up is the apparent velocity at distance x.
t

The obtained depths 2(1),.) are plotted as crosses in Fig. 12.
Pavlenkova assumes that the average velocity Ü is equal

to the effective velocity ve(x=0), therefore, for the reflec—
tions b, d, e, g (Fig. 9) the average velocities Ü = ve(x) or ve(vP)
and depths 2(2),) or 2(1),.) are determined point by point. The
depths are plotted versus UP as open circles in Fig. 12. To
determine the real depth ofthe boundary it is necessary to take
z from the curve Z(UP) at the largest UP which corresponds
to the time-distance curve minimum in reduced scale. The
lowest UP of a reflection determines the highest layer velocity
in the medium above the reflector. Thus, three main values
were estimated for each reflection: The depth of the inter—
face, the maximum layer velocity (vP) above it and the aver-
age velocity. Between the boundaries d, e, g (Fig. 12) maxi-
mum—layer velocities of 6.25 and 7.15 km/s were deduced.
For the upper part between interfaces b and d the apparent
velocity of first arrivals increases from 6.0 to 6.1 km/s.
However, for the entire layer an average velocity of 6.0 km/s
was determined. A low-velocity layer, therefore, had to be
introduced (Fig. 12). After checking the model by the calcu-
lation of travel times, only slight depth corrections of the
reflectors were necessary (continuous line in Fig. 12). Con-
siderable deviations in the depth to the Moho appear be-
tween the determinations from reflections and refracted ar-
rivals (see crosses in lower part of Fig. 12). In order to
explain the weak phases g’ (Fig. 9) a low-velocity layer was
assumed immediately above the Moho.

The three models L, M, N in Fig. 3 are in good agree—
ment with the given time-distance curves. Depths of the
main discontinuities and average velocities based on the
strong reflections have values similar to those in the initial
model, irrespective of the method with which these values
were derived. In comparison with the original model, depths
differ by not more than 200 m and average layer velocities
by not more than 0.05 km/s.

All three models have, however, similar additional
details. Low—velocity layers are caused by the correlation
of first or later arrivals with too high apparent velocities.
This leads to positive velocity gradients in the top layer
which are not real. Furthermore, the introduction of low-
velocity layers is supported by the correlation of weak
phases g’ and g” (Fig. 9) which have been interpreted as
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During the workshop synthetic record sections (Fig. 13)
were calculated for some representative velocity-depth mod-
els from Fig. 3 (Models E, I, L, N), which deviate substan—
tially from the original model. For better comparison, a
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Fig. l4. Composite summary of models derived from Data Set 1
by various authors. Æ Models falling inside a i004 km‚.""s.‚
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synthetic section was also recalculated for the original mod-
el, using the same source function as for the other four
cases, without adding numerical noise (A, Fig. 13).

The synthetic sections for models E, I and N are very
similar and come closest to the original. A common differ-
ence from the original is a relatively weak PMP phase at
distances greater than 110 km. In addition, phases from
the middle crust are slightly more complicated in model I
than in the original section between distances 40—90 km.
The gradient in the upper crust of model N leads to greater
amplitudes of the PE phase than observed originally. Addi-
tional phases originating from the low-velocity zones in
models E and N cannot be resolved. The wave field for
model L is characterized by higher amplitudes of all phases
and a more rapid decrease with distance than in the original
section.

All models presented in Fig. 3 are combined in one
diagram in Fig. 14. For simplicity only models falling
outside a -1_-0.04km/S‚ $0.2 km band centered on the
correct model are displayed. The diagram also shows the
Tau-method bounds derived by Bessonova, Fishman, Rez-
nikov and Sitnikova which are not to be mistaken as possi-
ble velocity-depth models. As the stated deviation of al-
lowed correlations by Bessonova et a1. is rather small
(i003 s) it is not surprising that some of the other models
fall outside the Tau-bounds in Fig. 14.

In conclusion it can be said that all models show the
main boundaries at almost identical depths. This is due
to the fact that all interpreters have identified the main
phases in the same way. Differences in the models stem
from small amplitude phases caused by numerical noise
or interferences and by differences in the identification of
phases which decay rapidly in amplitude with increasing

— Other models; —-Tau—mcthod bounds distances. Although small variations in velocity, e.g. the
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deduced velocity reversals in models E, I and N, cannot
be resolved, it is apparent from these examples that the
use of synthetic seismograms during the interpretation of
seismic refraction data is important in arriving at a model
which approximates the truth from among the many possi-
ble velocity-depth models which satisfy the travel-time ob-
servations alone.

Data Set 2: Crustal Record Section
from the LISPB Experiment in Great
Britain

The LISPB crustal record section (Fig. 15) was selected out
of a series of crustal profiles recorded in 1974 in northern
Britain (Bamford et al., 1976). This section was plotted with
amplitudes normalized to the same maximum value in each
trace and with broad-band filtering (1—30 Hz). During the
workshop, the same data were replotted with the true ampli-
tudes multiplied by distance squared (Fig. 16a) and with
narrower band-pass filtering (e.g. 1—8 Hz). In the following
some of the individual interpretations were selected with
special emphasis on the personal approach of the author.

The interpretation by Whitmarsh (Figs. 15—17) is based
mainly on arrivals identified on a true amplitude record
section (Fig. 16a). The section shows two clear sets of arriv-
als which can be correlated from trace to trace. The first
set is visible from 110 to 220 km and the arrivals have
an apparent velocity of about 6.4 km/s. The second set is
seen between 80 and 110 km, but can also be faintly dis-
cerned between 135 and 150 km, and contains arrivals with
an apparent velocity of about 7.9 km/s. The above two
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o l l I
at_
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DEPTH
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20 — ‘3 —
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30- -
e
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Fig. l7. Preferred velocity-depth model for Data Set 2 used to cal-
culate the synthetic record section in Fig. 16b by Whitmarsh

phases are assigned to branches c and e reSpectively of a
hodochron curve calculated from the final model (Figs. 16a
and 17). The interpretation also depends to a lesser extent
on the relatively high frequency normalized-amplitude
record section (Fig. 15, originally distributed). This section
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Set2

is valuable because it enables the identification of some
other phases (falling on hodochron branches a, a’ and f).
which are too weak to be positively recognized on the true
amplitude section (Fig. 16a). First arrivals at relatively
short ranges, belonging to branches a and a’, are barely
visible on Fig. 16a because of the distance—“squared ampli-
tude factor. A speculative branch b (Fig. 15) may also be
identified, but the fact that the corresponding arrivals are
apparently greatest in amplitude on traces where there is
considerable noise before the first arrival means that some
doubt exists as to the reality of this branch. It can also
be poorly discerned on Fig. 16a. Lastly a branch f can be
identified from a set of relatively high frequency first arriv-
als with an apparent velocity of about 8.4 km/s.

Various velocity-depth models were used to calculate
hodochrons which fitted the observed times. Subsequently,
synthetic seismograms were calculated for the most promis-
ing velocity-depth models by the reflectivity method (Fuchs
and Miiller, 1971), reaching a preferred model (Figs. 16b
and 17). This model has a near constant velocity upper
crust (6.0 km/s) and a lower crust of steadily increasing
velocity (6.15—7.4 km/s) overlying a first-order Moho dis-
continuity at about 33 km depth.

According to Whitmarsh, the best models seem to be
those for which the near cusps of the b and c retrograde
branches occur beyond 110 km (so that only a relatively
small amount of subcritically reflected energy appears at
shorter ranges) while the e—f cusp occurs at about 90 km.
Since arrivals of branch d are apparently not clearly seen,
the positive gradient reSponsible for it was adjusted to give
a very short prograde branch. Consequently, there are large
phases at 130 and 140 km in Fig. 16b which are not evident
in Fig. 16a. Although quite a satisfying fit of amplitudes
has been obtained out to 160 km, the calculated amplitudes
of supercritical reflections at greater ranges are systemati-
cally too great. An alternative conclusion is that the ampli-
tudes at shorter ranges are too small, but it is hard to
see how these amplitudes, particularly around the e—f cusp,
could be radically increased. Since the calculated amplitude
of wide-angle reflections at large distances is insensitive to
changes in the velocity structure adjacent to the reflecting
zone (Braile and Smith, 1975) the reason for the discrepancy
may lie in the horizontal plane layered structure necessarily
assumed for the synthetic seismogram program. In practice
there may be significant lateral changes in structure causing
the discrepancy, but these were not a subject of discussion.

Mykkeltveit (Figs. 18—20) interprets a variety of possible
phase correlations in the distance range 90 to about 150 km.
Several models yielding acceptable travel times have been
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Fig. 22. Model, travel times and synthetic seismograms
derived for Data Set 2 by Hill
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derived all with identical struCtures above 13 km and below
35 km. These models were subsequently checked using nor-
malized synthetic seismograms with the reflectivity method
(after Fuchs and Muller, 1971). The model, shown in
Fig. 19 with the resulting travel times shown on the record
section of Fig. 18., has the following characteristics:
— The transition b provides — at least in part — an explana-
tion for the large amplitudes observed at distances beyond
about 150 km at a reduced arrival time of about 0.5 s.
— The layer c with a higher velocity gradient produces a
reversal in the travel-time curve associated with relatively
large amplitudes.
— A layer a’ with a gradient equal to the one of layer b
results in a travel—time branch extending to less than
160 km. This feature, however. may not be satisfactorily
modelled as can be seen from Fig. 20.
— The Moho, transition layer a, is associated with another
reversal in the travel-time curve. The corresponding ampli-
tudes on the synthetic section (Fig. 20) are slightly too high,
but this and the overlying layer seem to be optimal in the
sense that energy is being Spread out in the triangular area
between the branches b and f(Fig. 18). No correlation of
phases can be made in this part of the section that could
be attributed to a major first-order discontinuity of the
velocity-depth curve.

In the interpretation of Mooney (Fig. 21) the direct wave
(Pg) arrival is modelled with a 5.5 km/s surface velocity
which rapidly reaches 6.0 km/s. A zero or very slightly posi-
tive upper crustal velocity gradient is assumed because of
the low (Pg/PMP) amplitude ratio at 70 km and beyond.
A discontinuity at 13 km is indicated by the phase PEP"
and a jump in seismic velocity from 6.05 km/s to 6.14 km/S
was chosen to match the observed critical point and appar-
ent velocity. Continuing in depth, the observed arrival times
and apparent velocities of phases PiP” and PMP are mod-
elled with discontinuities at 20 km and 31 km. respectively.
The upper mantle velocity is based on the clear P” arrivals.
Lateral heterogeneity is evidenced by the sudden 0.3 s offset
in the P" arrival times between 195 km and 205 km. In
this model (Fig. 21) the Moho discontinuity has been spread
over a kilometer to avoid large amplitude subcritical reflec-
tions, and an initial mantle velocity of 8.0 km/s has been
used to match the observed position of the PMP critical
point. A positive velocity gradient below the Moho is indi-
cated by the high Pn apparent velocity and (Pu/PMP) ampli-
tude ratio.

Hill (Fig. 22) emphasizes a commonly observed aspect
of crustal refraction profiles. In particular, the FS first arriv-
als appear to decay rather abruptly at distances of 60—80 km
and the arrivals preceeding Pn/PMP between this distance
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range and the PH cross-over distance are often emergent
with complicated wave patterns. One possible interpretation
of this phenomenon is suggested in Fig. 22 involving slight
negative velocity gradients beneath the major crustal re-
fracting horizons. This model does seem to explain the fea-
tures indicated, however, the intermediate phase is defini-
tely too strong.

Giese (Fig. 23) correlates the later arrivals quite differ-
ently. While Whitmarsh, for example, correlates the wave
PMP as a single group (Fig. 15), Giese tries a strict phase
correlation (Fig. 23) thereby obtaining separate branches
which are offset by 0.3—0.5 s. Applying the method de-
scribed above, Giese derives a model which is characterized
by a sequence of alternating high and low velocity zones
in the lower crust (Fig. 23). The amplitude ratios in each

trace of the synthetic section match the observations rea-
sonably well.

Figure 24 shows a selection of velocity-depth functions
derived for the LISPB crustal record section by various
participants. The variety of these results reflects primarily
the differences in phase correlations as was shown in detail
by some examples. It can be concluded that in general all
models show a clear crust-mantle boundary at about 35 km
depth. Only two models show a slightly shallower Moho
and in one model the Moho does not appear as a specific
boundary. Velocity inversions are of minor importance. The
transition to a higher-velocity lower crust has been located
by most authors between 20 km and 25 km depth. While
differences in details are quite obvious, the main character-
istic properties, i.e. a more or less constant velocity in the
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upper and a gradient zone in the lower crust, are rather
well determined. During the workshop, after replotting the
data with true amplitudes (Fig. 16a) and a narrower band—
pass filtering (Fig. 25), the participants discussed extensive-
ly the possible correlations. This discussion resulted in the
agreement that the velocity-depth function shown in Fig. 24
(Model K) may be the best one. Figure 24 also contains
Tau-method bounds calculated by Orcutt for the same data
(diagram L). Due to the independent correlations and error
bounds this band of allowed velocities does not necessarily
comprise all the models shown in this figure, though the
final model (K) satisfies these conditions which were de-
rived independently.

For some selected models synthetic seismogram sections
were recalculated. They are presented in Fig. 25 together
with a synthetic section for the agreed solution (model K
in Fig. 24) and an original record section with a narrower
band-pass filtering (1—8 Hz). The Pg phase is best repro-
duced by models G and K. The velocity jump at about
15 km depth (models G, H, K) produces arrivals which
can easily be recognized in the original section but with
slightly too high amplitudes. Only an additional strong ve—
locity increase between 20 and 25 km depth connected with
a positive velocity gradient in the lower crust provides the
observed energy recorded in front of the large amplitude
phases at 80—100 km and beyond 150 km distance (models
G and K). The large amplitude phases between 80 and
150 km are basically fitted by all models. However, the criti-
cal distance for the PMP phase resulting from model H
is slightly too short because of the large velocity contrast
at the crust—mantle boundary and its shallower depth. In
addition to the data presented here, the reversed and over—
lapping record sections together with a geological section
were available during the workshop (Bamford et al., 1978).
These illustrated quite clearly the need to take full account
of lateral variations when interpreting explosion seismic
data. In the present case a laterally homogeneous structure
had to be assumed for the interpretation of the selected
data.

Conclusions

A comparison of the final results (figs. 3, 14, and 24) for
the synthetic data set and for the observed record section
may be a good starting point for a concluding discussion.
The models for the synthetic record section scatter much
less in their velocity-depth distribution than those for the
real data set. These differences are quite obvious from the
much narrower range of possible correlations in data set 1
as compared to the large variability in data set 2. The vari-
ety of velocity-depth functions computed for these data
prior to the workshop reflects primarily the differences in
the correlation of phases of the various workers. The differ-
ent methods of inversion applied subsequently lead to struc-
tures with the same main features when the initial correla-
tions are similar. The inversion technique has only a minor
influence on the character of the model. To some extent
preconceived ideas about the velocity structure on the part
of the individual interpreter may bias the number and iden-
tification of correlations. This results in structural details
which can only be verified with high quality data and ampli-
tude modelling.

Apart from clearly correlatable refracted arrivals (i.e.
Pg and P" phases) the most reliable waves for estimating
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the main parameters of the velocity model are the reflec-
tions, especially if they are recorded at undercritical dis-
tances. They enable the determination of depths of bound-
aries and the corresponding average velocities with very
high accuracy. For this purpose all methods are good
enough, even approximate formulas for homogeneous
media, if the results are controlled by direct travel-time
calculations. The correlation of short and weak phases is
problematic and can be the reason for major differences
in derived structure.

The scatter of models for the LISPB data could be
reduced considerably during the workshop by the use of
a true amplitude record section with appropriate filtering.
The final model (Fig. 24) satisfies the data best if lateral
variations are neglected. The participants of the workshop
realized, however, that better criteria are needed for a more
objective and reliable correlation of phases. As a basic result
it can be stated that the main effort has to be put into
the acquisition of dense and high quality data which then
have to be subjected to a careful processing with filtering
and true amplitude recoverage as a basis for any inversion
method. In addition, inversion methods for inhomogeneous
media should be further developed and applied. The inter—
pretation of seismic data obtained in inhomogeneous media
was one of the topics of the subsequent workshop by the
Commission on Controlled Source Seismology at Park City,
Utah (USA), in 1980 (Mooney, 1981). The same subject
will be further discussed at the next meeting in Ziirich in
1983.
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The Intercept-Time Method — Possibilities and Limitations
N.I. Pavlenkova
Institute of Physics of the Earth, Academy of Sciences, B. Gruzinskaya 10, Moscow, USSR

Abstract. In deep—seismic sounding the reflected and
refracted waves recorded form a complex system of
traveltime curves. The inverse seismic problem consists
in determining the function v(x,z) along the profile for
a series of velocity levely v(x,z)=const and discon-
tinuities as well. This paper described a method which
allows the transformation of observed traveltime curves
into an intercept-time section with isolines of velocity.
Such a section permits discrimination of the various
types of waves and gives a qualitative picture of the
crustal structure, and is then converted into a depth
section.

The application of this method is demonstrated by
a number of examples from the Ukrainian Shield, the
Tien Shan and the Caucasus showing both possibilities
and restrictions.

Key words: Deep-seismic sounding — Inversion of DSS
data — Intercept-time sections - Cross sections —
Ukrainian Shield — Tien Shan — Caucasus

Introduction

Seismic measurements aim to determine the subsurface
velocity distribution of elastic waves. In seismic re-
flection work there exist well developed methods and
computer programs which permit detailed interpre-
tation of the recorded data and the elaboration of
structural models. In seismic refraction work the in—
verse problem is more difficult, due to the complicated
paths of refracted rays. Especially in deep—seismic
sounding (DSS), it is still difficult to determine the
nature of the recorded waves and to invert the travel-
times into a structural model.

Two-dimensional seismic problems in DSS can be
formulated as follows: Along a profile there is observed
a system of direct, reversed, and overlapping traveltime
curves of continously refracted, reflected, and head wa-
ves. The task is to determine a velocity model v(x,z)
which can reproduce the observed wave field kinemati-
cally and dynamically. The velocity function v(x‚z) is
assumed as being of arbitrary shape; it may include
sharp discontinuities, layers with constant velocities

and gradient zones, layers with high and low velocities.
The medium should be isotropic.

There is no direct solution for such a general in-
verse seismic problem. There are only some methods
which consider separately the travel-time curves of
some known types of waves, e.g. head weaves, or re-
flections, or refractions, and permit the determination
of some elements of the two-dimensional model. As a
result a multistage process is necessary in order to
construct a complete seismic cross-section from the ob-
served wave fields. The iteration method is applied at
the final stage of the process.

The methods used at the first stage may be divided
into three main groups. The first one includes one-
dimensional solutions: the Wiechert—Herglotz method,
t-method (Bessanova et a1., 1974), the synthetic seismo—
gram methods developed in the last decade (Fuchs and
Miiller, 1971), optimization procedures (e.g. Matveeva,
1968; Orcutt, 1980). They treat different types of waves
and permit the determination of detailed velocity distri-
butions with depth for laterally homogeneous parts of
the profiles. The bounds of possible solutions may also
be determined (Bessanova et a1., 1974).

The second group of methods is mainly directed to
the construction of seismic boundaries. Reflections and
head waves are used here. In DSS studies in the USSR
the wavefront method proposed by Riznichenko (1946)
is usually applied. In the last decade a numerical ver-
sion of the method was developed (Pilipenko, 1979).
Although wavefront idea was used in other countries
(Thornburgh, 1930; Haagedorn, 1959; Hubral, 1977),
the methods based on the concept of delay time be-
came more popular (Gardner, 1939, 1967; Barthelmes,
1946; Wyrobek, 1956; Barry, 1967; Willmore and Ban-
croft, 1960; Bamford, 1973). The latter is applied to
head waves, and it is very useful for the investigation of
sharp boundaries. Puzirev et a1. (1975) proposed and
applied a method based on measurements at fixed dis-
tances, comparable with the fan—shooting technique.
Corresponding special interpretation procedures have
been elaborated for the correlation of refracted and
reflected waves.

The third group of methods deals with the numeri-
cal solutions of the two-dimensional problem which
have been proposed and developed by Alekseev et a1.
(1969), Oblogina (1965) and Romanov et a1. (1980).
They treat mainly refracted waves propagating in ve-
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locity fields with monotonically increasing values. Thus
they are not applicable to media with sharp bound—
aries.

All these methods require that the wave types are
known and that the relations between the head wave
branches of different shotpoints and between the travel-
time curves of reflections and refractions are deter-
mined. In deep-seismic sounding it is still difficult to
distinguish the nature of the recorded waves and how
these waves are related to each other. The correlation
of the waves along the profile is also a difficult prob-
lem.

In this paper a procedure, a generalized intercept-
time method, is proposed which permits analysis of the
wave field along the profile and the simultaneous der-
ivation of an approximate two-dimensional solution
from all recorded waves. The solution describes the
principal elements of the cross—section: shape of the
seismic boundaries and velocity isolines, the velocity
variation along the boundaries, low-velocity zones and
so on, but the derived parameters of the model should
be corrected by ray tracing and synthetic seismogram
calculation. The possibilities and also the restrictions of
this method are demonstrated by means of some
theoretical and practical examples.

Intercept-Time Method

In seismic reflection work to-sections are quite common
within the interpretation procedure. In seismic refrac-
tion work the intercept-time ti corresponds to the
quantity to (Gamburtsev et al., 1952). The well-known
r-method (Bessanova et al., 1974) may be also consid-
ered as a version of intercept-time method as far as r
means I, in the solution.

The intercept-time method proposed by Pavlenkova
(1973) was especially developed for laterally inhomo-
geneous media. Other names for this method are re—
duced—traveltime—curve method or transformed-travel-
time-curve method. A developed version of this method
is described in this paper.

In detail this version serves the following goals:
1. All travel—time data of all recording lines along a

profile are displayed in a comprehensive form as in-
tercept-time section with the velocity as parameter.

2. This display facilitates the identification of the
nature of travel-time segments, e.g. the distinction be-
tween subcritical and overcritical reflections and head
waves.

3. The intercept-time section gives a qualitative pic-
ture of the structure under study. Such a section is
comparable with the to—section in reflection seismics.

4. Finally this intercept-time section serves as base
for the construction of a depth cross section.

The concept of the proposed method starts from the
following travel—time relation valid for a horizontally
homogeneous medium, but with an arbitrary vertical
velocity distribution v(z):

ax_x„: +2T‘1fifler1fdz (n
(l

x — x0: distance between recording- (x) and shot (x0) point,

va: apparent velocity at the point (x—xo),
p= 1 /va: ray parameter,
2 : maximum depth of penetration.m

The first term of relation (1) determines the slope of a
straight line being the tangent of the travel-time curve
at the point x—xo, while the second term is the in—
tercept I, of this line with the time axis.

The travel-time curve reduced with the velocity v, is
obtained from the relation:

t,(x—x0,v,)=X—XO
va

2'" x—x

+2£
|/1/vZ(Z)—p2dz—

v 0. (2)

This curve tr(x—x0,vt) has a maximum at va=v,. Here
the reduced travel-time t, is equal to the intercept-time
ti(v‚) for the velocity level v=vr (Fig. 1a).

The concept is now extended to laterally inhomo—
geneous media. If the depth of the velocity level 1),
varies along the profile, the upper limit of the reduced
travel-time integral varies also. In order to determine
the lateral variation of the velocity level v,, the direct
and reversed travel—time curves are reduced with the
same velocity v, and plotted along the profile at the
half distance x0+(x~x0)/2. Due to the fact that in
crustal studies a great part of the recorded waves are
continuously refracted waves, this half-distance display
refers in a first approximation to the horizontal dis-
tance of the point of deepest penetration of the ray
under consideration. In the next step the reduced travel-
time curves are enveloped by a curve now outlining
approximately the course of the velocity isoline 12:1), in
the intercept-time distance domain ti(x,v,). Using dif—
ferent reduction velocities a system of velocity isolines
can be constructed (Fig. 1b, c).

The depth z at the level v=vr can be obtained with
the approximation formula:

Z(X,Ur)=——-——2 1—(a/v‚)2 (3)
where Ü is the average velocity between the surface and
the isoline 12:12,. Ü is determined from travel-time
curves by the formula (Kondratiev 1963):

X—X0.0,]
t

In principle, the travel-time curve transformation can
be applied to all types of travel—time branches. Within
these time sections the wave types are in different re-
lation to each other and to the envelope. The reversed
and overlapping travel-time curves of head waves from
a plane boundary with velocity vb coincide with the
envelope t,(x,v,=vb), independent of the slope of the
boundary. In the more general case of smoothly curved
prograde travel-time curves which are generated by
continuously refracted waves the reduction velocities of
the corresponding envelopes can be regarded as ma-
terial velocities.

This relation between reduced travel-time curves t,(x
—x0,v,) and their envelopes ti(x,v,) enables us to de-

unvozäßx—xafl+
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termine the nature of the waves and to determine the
velocity level 12:12, for head waves.

The case is more complicated for retrograde travel-
time branches. They can be caused by a wave reflected
at a first-order discontinuity or by a wave penetrating
into a zone having a strong velocity gradient. Just as in
the normal time display, in the reduced presentation
the retrograde branch must coincide at the critical
point with the envelope of the corresponding prograde
branch. Thus a discrimination between the sub- and
overcritical parts of a retrograde branch becomes possi-
ble. The envelope derived from the distant part of the
retrograde curves also represents a true velocity. The
retrograde curves between the critical point and the
endslope may represent true velocities in the case of
continuously refracted waves in a strong gradient zone.
For waves reflected at a sharp discontinuity the result-
ing velocity has the meaning of an apparent velocity. In
the intercept-time section a discrimination of both
types is not feasible, the answer can be obtained only
by a detailed depth inversion of the time section (Giese,
1976)
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One of the main difficulties in the intercept-time
method and also in the inversion problem arises from
inhomogeneities in the uppermost crust, e.g. sedimen-
tary basins. This problem is discussed here by means of
a model. This model presents a graben structure
(Fig. 2a). In order to study the influence of the sedi-
mentary fill on the travel-time of the waves penetrating
deeper into the middle and lower crust, the graben
model has been somewhat simplified. In the lower crust
the isolines are not updomed, as is typical for a depres-
sion, but they run in parallel. Fig. 2d shows the calcu-
lated and reduced travel-time curves for the three veloc-
ities 6, 7, and 8km/s and the enveloping velocity iso-
lines.

As expected the enveloping curves show roughly
the shape as the corresponding velocity isolines in the
model section. Only the intercept-time curve 12,
=6.0km/s, however, reflects correctly the velocity iso-
line 0260 km/s of the model. The two other curves are
not straight and horizontal but bent down because of
the influence of the depression on the travel-times of
the deeper penetrating waves.

Using the intercept-time formula (3) a first approxi-
mation to the original model was obtained (dotted lines
in Fig. 2d).

For comparison, in Fig. 2d, the result is shown of a
calculation based on the one-dimensional solution for
individual travel-time curves. It became evident that
the upper part of the original model could be de-
termined in a good approximation, but in the lower
part of the crust a strong scatter of the isolines results.
Thus it is difficult to decide whether there is a simple
structure or not. If starting from the intercept—time
section, the depth transformation gives isolines 7.0 and
8.0 km/s which are approximately horizontal, as in the
original model. However, the results illustrate simul-
taneously the very poor resolving power of the method,
especially for small variations of velocity isolines in the
lower crust, if a heterogeneous and complicated upper
crust exists.

In order to improve the resolving power, special
travel-time corrections can be applied already to the
intercept-time sections. In Figure 2b the downbending
of the isolines 7.0 and 8.0 km/s is caused by the sedi-
ments in the depression. If the sediments are replaced
by basement rocks with 026.0 km/s the delay can be
eliminated with a sufficient approximation. This cor-
rection can be obtained from the intercept-time curve
of the level v=6km/s:

At=%[ti(x0,v,=6)+ti(x,vr=6)] +td. (5)

The small additional correction td takes into account
the travel-time difference resulting from rays travelling
through the sedimentary fill under different angles due
to different penetration depths (top of basement and
deeper crust in Fig.2). In ordinary crustal studies td
may be neglected.

Thus, in a general case the travel-time curves
t(x,x0) may be corrected for the influence of lateral
inhomogeneities above any velocity level v=vn with the
formula

Atn(x)=%[ti(x09 Urn)+ti(x> Urn)] (6)
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7the envelope of the reduced and transformed travel— ”H“ 2 0,1} r" em“). ( )
time curves with the reduction velocity um

Then the corrected travel-time curves are reduced
with velocity v„+ l:

The form of the new envelope reflects more correctly
the isoline ”=“rm+1) than the enveIOpe of the uncor-
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rected travel-time curves. For instance, the travel-time
curves of Fig.2c, corrected by means of formula (5)
and the intercept-time curve A of Fig. 2b are displayed
in Fig. 2c. The improvement can be clearly recognized,
the deeper isolines are now straight lines like the ve-
locity lines in the primary model.

A correction for the level u=6km/s is necessary for
studies of the lower crust whereas for the upper mantle
the level a: 8 km/s must be corrected.

Some experimental examples of the intercept—time
method application are considered in what follows.

Determination of the Velocity Isolines
and the Shape of the Seismic Boundaries

Figure 3 shows a system of reduced travel-time curves
of a deep-seismic sounding profile crossing the Donbas
region, the eastern part of the Dnieper-Donets de-
pression (data published by Konovalzev et a1.
1980). The very dense system of recording lines enables
a detailed study of the shape of the velocity isolines.
The pattern of these lines reveals the quite different
structures of the upper and lower crust along the pro—
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Fig. 5. Reduced traveltime curves for the Kaskelen profile (Tien Shan) with different reduction velocities (6.5, 7.5, 8.0 km/s). At
the bottom the corresponding depth section is displayed

file. The isoline u=5.0 km/s outlines the principal uplift
of the Carboniferous strata in the centre of the Donbas.
The basement of the Dnieper-Donets depression can be
associated with the isoline v=6.0kmls. The velocity
range 6.8 to 7.2 km/s characterizes the lower crust.
Along the profile this velocity interval range distinctly
changes its rlepth. On the Russian platform (left side of

the profile) it shows a slightly higher velocity gradient
than on the younger Scyphian platform [right side of
the profile). The Donbas fault zone is character-
ized by a downwarp of the isolines, that means by
somewhat smaller velocities. A complicated alternation
of low and high velocities could be detected in the
transition zone between the Russian platform and the
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6.5 kmls

Fig. 6. The upper part shows the reduced traveltime curves of a seismic refraction line observed in the Ukrainian shield. The
reduction velocity is 6.5 km/s. The lower part shows the resulting depth section. The hatched areas indicate low—velocity zones

Donbas depression. A very complex relief can be seen
for the velocity level 1228.0 km/s (Mohorovicic discon-
tinuity). It forms a sequence of faults with over- and
underthrusts, typical of the Donbas region. This de-
tailed picture of the Mohorovicic discontinuity could
be revealed mainly by the evaluation of reflected waves.
The display as reduced travel—time segments allowed
their identification and correlation with the line ti(x,vr
=8km/s) along that portion of the profile that trav-
erses the fracture zone.

Another example of a complicated structure within
a fracture zone is shown in Fig.4. This profile was
measured in the southern fracture zone of the Dnieper-
Donets depression. From first arrivals, there is no evi-
dence of a fracture zone. Only the evaluation of later
arrivals as reduced travel-time curves proves the exis-
tence of a fracture zone. Later on such a structure
could be confirmed by reflection seismics.

It should be emphasized that the main limitation of
the method is the smoothing of sharp steps at re-
fracting boundaries. It is very difficult to determine the
correct position of the steps from the described head
wave presentation because the travel-time is related to
the point midway between the shot and recording
points. To improve the results it is useful for such cases to
combine the intercept-time method with the time-term
presentation.

Study of the Velocity Variation
Along a Seismic Boundary

The next example (Fig. 5) is taken from measurements
carried out in the Tien Shan region. A first interpre-
tation by Shazilov (1980) is based on the one-dimen-
sional solution using the Wiecher-Herglotz method.

Characteristic features of the wave field in this area
are the intensive second arrivals PK and Pf", showing
velocities near 6.8 km/s and 8.0km/s. Their transfor-
mation into reduced travel-time curves proves the exis-
tence of two discontinuities. The first one has the stable
velocity 6.5 km/s, the second discontinuity is character-
ized by a varying velocity. It might be derived from
comparlson of the envelope of the reduced travel-time
curves at vr=8km/s and position of PI’" branches in
Fig.5. The P1"? boundary coincides with the velocity

level v=8km/s in the northern part of the profile and
departs from this level in the southern part. This result
indicates the existence of a mantle in the Tien Shan
region, having in its upper part a lower velocity than
normal. This new model has been checked by ray trac-
ing yielding a good agreement between calculated and
observed travel-time.

The Detection of Low-Velocity Layers

The existence of low-velocity layers is indicated in the
time-distance plot by dying out of first arrivals and the
appearance of secondary arrivals, forming a delayed
travel-time curve which is parallel to that of the first
arrivals. The method of reduced travel-time display can
clarify these pecularities in the time cross-section
(Fig. lc).

Figure 6 shows an example taken from measure-
ments in the Ukrainian shield. The travel-time curves
are displayed with a reduction velocity of 6.5 km/s. The
envelope of the first arrivals bounds the top of the low-
velocity layer, whereas the corresponding envelope of
later arrivals determines its bottom. The resulting mo-
del, shown in the lower part of Fig. 6 presents the low-
velocity zone as a hatched area. The velocity inside this
low-velocity zone has been assumed to be 5.8 km/s.

Mathematical Modelling

Mathematical modelling is the final stage of all in—
terpretation methods. It aims to achieve an Optimum
agreement between the observed and the calculated
wave field. Furthermore mathematical modelling per—
mits determination of the parameters of low-velocity
zones as well as the study of the bounds of possible
solutions. Besides the kinematic data the dynamic char-
acteristics should be included. Dynamical criteria can
help to reduce the number of possible solutions. The
calculation of wave amplitudes for horizontally inho-
mogeneous media can be performed by an extended
ray method (Cerveny et a1. 1977; Psencik 1979).

Figure 7a shows a system of traveltime curves of a
profile recorded along the Kura depression in the sou-
thern Caucasus. Three types of waves are recognizable,
the branches of the waves travelling only through the
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sedimentary cover with apparent velocities of 3.0—
6.0 km/s, the anomalous phases with velocities 7.0—
8.0 km/s and later arrivals forming retrograde time-dis-
tance curves. The characteristic features of this last group
are large amplitudes, many phases, and a complicated
variation of the wave shape. The apparent velocity of this
group decreases with increasing distance from 8.5 to
6.5 km/s. An analysis of their travel—time curves re—
vealed that they cannot be interpreted as normal re—
flections. When applying the wavefront method, no
intersection of the wavefronts should be achieved.
Mathematical modelling was used, including the calcu—
lation of travel-times as well as amplitudes of the most
important waves. An example of these calculations is
presented in Fig. 7b—d.

Two models differing in principle were considered,
both being deducible from the reduced travel-time
curves. The first presents an uplift of the material with
velocities from 7.0 to 8.0km/s near to the basement
surface. In the second model this material is separated
from the mantle by an inversion zone. The compu-
tation of the most important waves reveals that both
models are equivalent with respect to the first arrivals.
As regards later arrivals quite different results were
obtained for each model. Only for the separated body
with an underlying low—velocity channel does the form
of calculated travel-time curves of refracted waves,
propagating through this channel, correspond to the
form of experimental curves satisfactorily.

The example presented demonstrates the advantages
of mathematical modelling for the solution of two-
dimensional seismic problems. The main advantage
consists in its capacity to deal with very complicated
models including laterally inhomogeneous media with
curved interfaces. This cannot be done by any other
direct method. Another advantage of modelling is the
possibility of using the dynamic properties of waves for
interpretation. Unfortunately, this may at present be
done only in ray approximation limits (Cerveny et al.
1977). Nevertheless, the general laws of amplitude dis-
tribution in the wave field may be taken into account
during the interpretation. In the above case the ampli-
tude consideration helps to determine the nature of the
later arrivals. As already mentioned, these waves have
considerable amplitudes in comparison with the first
arrivals and are formed of many phases. These proper-
ties could not be explained by means of simple re-
fracted or reflected waves. The channel waves possess
similar properties. They have rather large amplitudes,
caused by weak divergence of the ray tube, and their
energy is propagated along different paths inside the
channel producing many phases of the arrivals (Pav-
lenkova et al. 1977).

The next advantage of mathematical modelling is
an estimation of the stability and uniqueness of the
resulting model. For instance, on the basis of a com-
parison of different models, it was found that the 10km
thick upper part of the crust was determined uniquely
in the model discussed above. On the other hand the
detailed velocity distribution inside the low-velocity
channel cannot be calculated, only the average velocity
can be determined. Two models have been checked,
one with a channel velocity of 6.0km/s the other one
with 7.0km/s. The second one fits the observed data

satisfactorily. The most unstable part concerns the de—
termination of the lower boundary of the high-velocity
body and the Mohorovicic-discontinuity.

Conclusion

The solution of the two-dimensional seismic problem
needs several stages of data evaluation. At first the
main features of the model and the nature of the re—
corded waves must be determined. For this purpose,
approximation methods, such as the intercept-time
method as described above, the special time-field meth-
od of Puzirev and the time-term analysis may be used,
In the next step a detailed analysis of reflections, head
waves and refracted waves follows, aiming to determine
correctly the elements of the model, i.e., the seismic
interfaces and the velocity distribution within the
layers. It should be noted that several methods may
serve to elaborate the parameters of the model. In the
last stage the model is checked by ray tracing and
amplitude calculation. If necessary, the model must be
improved stepwise in order to get a better agreement
between the observed and calculated data. To deve10p
and improve this method it is necessary to work out
algorithms for automatic modelling of media with com-
plex structures.
Acknowledgement. The author thanks P. Giese for his helpful
comments and encouragement.
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Linearized Solutions of Kinematic Problems
of Seismic Body Waves
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Abstract. The linearization approach to the evaluation
of travel-times of seismic body waves propagating in
inhomogeneous, slightly anisotropic media is discussed.
General linearization equations are specified both for
quasi-compressional and quasi-shear waves. Various sit—
uations of seismological interest are investigated in de—
tail. This applies, e.g., to the situation where the unper—
turbed medium is isotropic and to the case where the
unperturbed ray is a plane curve. The numerical exam—
ples presented suggest that the linearization approach
gives travel-times of seismic body waves with a ac—
curacy sufficient to solve direct and inverse kinematic
problems for inhomogeneous anisotropic models of the
Earth’s crust and the uppermost mantle.

Key words: Elastic anisotropy — Direct kinematic
problems — Inverse kinematic problems

Introduction

The ray method was first.applied to inhomogeneous
anisotropic media by Babich (1961). In principle, the
ray tracing and travel-time computations can be per-
formed in arbitrary inhomogeneous anisotropic media
where all the 21 elastic parameters change with all the
three coordinates. The ray tracing systems for general
anisotropic media are derived and discussed in detail in
Cerveny (1972) (see also Cerveny et al., 1977; Crampin,
1981). The evaluation of rays and travel-times of seis—
mic body waves in inhomogeneous anisotropic media is
now a well-understood problem. Various computer
programs for simpler anisotropic media (e.g., trans-
versely isotropic) have been written. Some numerical
examples can be found in Cerveny and Psencik (1972),
Cerveny et al. (1977), and in Jech (in press 1982). The
computations are straightforward, but rather lengthy.
They may be simply applied to the solution of direct
kinematic problems, but it would be rather time-con-
suming to try to use these methods to solve some
inverse kinematic problems for inhomogeneous aniso-
tropic media.

A simpler procedure for the solution of both direct
and inverse kinematic problems in inhomogeneous,
slightly anisotropic media is based on a linearization. A
linearization procedure for the solution of direct and

0340-062X/82/0051/0096/$Ol.80

inverse kinematic problems in laterally inhomogeneous
isotropic media was suggested by Romanov (1972,
1978). The procedure has been used successfully in the
inversion of travel-time data for laterally heterogeneous
isotropic structures (Alekseev et al., 1970; Firbas, 1981;
Novotny, 1981). Romanov (1978) was also the first to
derive the linearized equation for one special simple
case of an anisotropic medium (which can be applied,
e.g., to quasi-shear SH waves in a transversely isotropic
medium). For general anisotropic media, the lineariza-
tion equations are derived in Cerveny (in press 1981).
This reference, however, gives only the derivation of
general equations; they are not discussed there from a
seismological point of view. Similar linearization equa-
tions have been obtained independently by Hanyga
(personal communication 1981).

In this paper, the linearized approach to the evalua-
tion of travel-times of seismic body waves in a general-
ly inhomogeneous, slightly anisotropic medium is in-
vestigated in greater detail. Attention is devoted to
both quasi-compressional and quasi-shear waves. Ex-
plicit solutions are written for several situations of
practical interest in seismology. This applies, e.g., in
case where the unperturbed medium is isotropic, and
where the ray in a unperturbed medium is a plane
curve.

Two numerical examples are presented. They sug-
gest that the accuracy of the linearization formulae will
be high enough to solve both the direct and inverse
kinematical problems in an inhomogeneous, slightly
anisotropic Earth’s crust and in the uppermost mantle.

The proposed method can be used in 3D laterally
inhomogeneous, slightly anisotropic media. The unper-
turbed medium may be either isotropic or anisotropic.
In this sense, the method gives some generalization of
the well-known approach suggested by Backus (1965)
which has been broadly used to investigate anisotropy
in the uppermost mantle. Backus’ method can be ap-
plied to homogeneous, slightly anisotropic media and
starts from an isotropic unperturbed medium.

Linearization of Travel Times
in Inhomogeneous Anisotropic Media

Let us consider an inhomogeneous anisotropic medium
described by 21 elastic parameters cijk, and by the
density p. The elastic parameters Cijkl’ density p and
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their derivatives are assumed to be continuous func-
tions of Cartesian coordinates xi, i=1, 2, 3. Instead of
the elastic parameters cijkl we shall use the parameters

aijklzcijkl/pa (1)

and we shall also call them elastic parameters, for
simplicity.

We shall investigate the propagation for an elastic
body wave in the medium described above. We de-
scribe its wavefront by the equation

I: ’C(Xi). (2)

A very important role in the investigation of aniso—
tropic media is played by the 3 x 3 symmetric matrix F,
whose elements are given by the expressions

EkZPipz aijkl’ (3)

where 19,, p2, p3 are components of the slowness vector
p, pi:öI/Öxi. In Eq. (3) and throughout this paper, the
Einstein summation convention is used.

The matrix F has three eigenvalues, G1, G2, G3.
They are solutions of the characteristic equation

Det (137,—— Gm ôjk)=0, (4)

where öjk is the Kronecker delta, éjkzl for j=k, 6jk=O
for j#k.

Three independent wavefronts can propagate in the
anisotropic medium. The propagation of any of these
wavefronts is controlled by a non-linear partial differ-
ential equation of the first order (also called the “eiko—
nal equation”)

Gm(p1,p2,p3,X1,X2,x3):1, (5)

m=1,2, 3, pizdr/dxi. One of the wavefronts (say, m
=1) corresponds to the so-called quasi-compressional
wave, the other two wave-fronts (m=2, 3) to two dif-
ferent quasi-shear waves. In the degenerate case of two
identical eigenvalues, there will be only two indepen-
dent wavefronts. This applies, e.g., to the isotropic me-
dia, where G1=oc2 pipi, G2=G3=fl2 pipi; oc and ‚ß being
the velocities of the compressional and shear waves,
respectively.

If the eikonal equations are known, it is not difficult
to write the ray tracing system for any of the three
waves propagating in an inhomogeneous anisotropic
medium, see Cerveny (1972). The ray tracing system
can be used to evaluate the trajectory of the ray, the
components of the slowness vector pi and the travel-
times at any point of the ray. For general types of
anisotropic media, however, the ray tracing systems are
rather cumbersome; the rays are mostly 3D spatial
curves, with a non-zero torsion.

A simpler procedure for the evaluation of travel-
times in slightly anisotropic inhomogeneous media was
suggested by Cerveny (in press 1981). The procedure is
based on linearization. Here we shall only shortly sum-
marize the results, without deriving them.

We shall consider a medium H0 with elastic param-
eters aiojkl and call it the “unperturbed” medium. We
now change the elastic parameters slightly. The new
medium, denoted by H, will be described by the elastic
parameters aijkl,
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_ 0 1
aijkl—aijkl+aijkl9 (6)

where ailjk, represent “small corrections” to or “small
perturbations” of a3“.

Let us now specify two points, M0 and M, with
coordinates x? and xi. We select one of the three waves
propagating in the anisotropic medium and denote by
L0 the ray connecting the points MO and M and by
10(x9, x) the travel-time along LO from M0 to M in the
HO (unperturbed) medium. The following expression
can then be written for the travel-time r(x?,xi) from
M 0 to M in the H medium (described by the parame-
ters aijkl),

”50619, xi):TO(X?‚ xi)+T1(X?‚ xi), (7)

where 110d), xi) is a small correction to the travel-time
r°(x?, xi) due to the perturbations in the elastic param-
eters, ailjkl.

The basic linearization formula, derived by Cerveny
(in press 1981), gives a linear relation between 11(x?, x,)
and aiïjkl,

ÔGI1(x?, xi): —%Ljo( m >0ai1jkl dro. (8)
aaijkz

The integral is taken along the ray LO, dro is the
infinitesimal time increment along L0. The derivative
ÖGm/Öaijkl is determined in the unperturbed medium
HO, and contains only the unperturbed slowness vector
components.

Thus, we have obtained a very important result: To
determine the travel-time correction T1, we can just
integrate the small perturbations of elastic parameters
ailjk, (multiplied by some weighting function) along the
unperturbed ray LO; we do not need to evaluate the
new ray in the perturbed medium. A similar result is
well known for isotropic media, see Romanov (1972),
Gubbins (1981).

Equation (8) is quite general. The expressions for
Gm are, however, rather complicated, except for cases
when the characteristic equation (4) factorizes (see be-
low). When the eigenvalue Gm does not coincide with
any of the two remaining eigenvalues, the derivatives
can be found using the theorem of implicit functions
directly from (4). We then obtain

(“Gm )0=(p.-p,Dj,./D>o, <9)
aaijkz

where

D11=(F22—-1)(F33—1)—F223,
D22:(F11—1)(F33—-1)—F123‚

D33:(F11_1)(F22—1)—F122‚
D=D11+D22+D33, (10)

D12=D21=F13F23—F12(F33—1),

D13:D31:F12F23_F13(F22—1):
D23=D32=F12F13—F23(F11—l),
Ckzpiplaijkr

Again, pi (i=1,2, 3) denote the components of the
slowness vector in the HO medium, along the ray L0.
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These are known, being obtained as a by-product in
the ray tracing of L0.

Inserting (9) into (8) yields

—2Â0(piplk/D)Oai1jkldro' (11)

Let us compare Eqs. (8) and (11). Equation (8) can
be used generally, but it leads to applicable results only
in the case when analytical expressions for Gm are
simple. Equation (11) gives the results analytically, in a
closed form, for an arbitrary anisotropic medium. Some
complications in the application of (11), however, ap-
pear when the unperturbed medium HO is isotropic.
For quasi-P waves, Eq. (11) can be used generally even
in the isotropic case. For S waves, its application is not
strictly permitted, as the two eigen-values correspond-
ing to shear waves coincide. But the equation yields
certain interesting results even in this case, as shown
below.

Il?‚(xx.):

Isotropic Unperturbed Medium
Equations (8) and (11) give especially simple results
when the unperturbed medium H0 is isotropic. This
situation has great practical importance. The evalua—
tion of rays and travel-times in an inhomogeneous iso—
tropic medium is now a well-understood problem, even
for laterally inhomogeneous media. A large number of
programs is available for computing rays in isotropic
media. Moreover, the computation of rays in isotropic
media is fast and not so time consuming as in aniso-
tropic media. In this section, therefore, we shall specify
the linearization formulae for the case where the unper-
turbed medium H0 is isotropic. We shall also try to
show what can be obtained for S waves in this case.

To do this, we must first find the meaning of
(Djk/D)O in (11) for isotropic media. Let us denote
Lame’s elastic parameters by Ä and u; oc: (2.7+2,u)/pî
and ß: (it/p)? being the velocities of compressional (P)
and shear (S) waves. To simplify the following equa-
tions, we shall also use the notations

A=Ä/p‚ M=#/p- (12)
We can then write

aljkl—-Aö ôkl—I—M(ôiköj,+Ö„Öjk), (13)

This yields

13k=(/1+M) pjpk+M(p.-p.-) Ôjk- (14)
For D=D11+D22+D33 we obtain

D=<1~Mp.p.)(3—<2A+5M)pkpk>. (15)
As we can see from (15), the function D vanishes for

pipizl/l/flz, i.e. along the ray of the S wave. For-
tunately, the factor (l—Mpip) will also appear in the
expression for D1k and DJk/D remains fully determined,
even for p pl—>1/ß2. After some manipulation, we ob-
tain

E5
D

where T: pk pk.

(A+M)pjpk——5jk[2——(A+3M) T]
3—(2/1+5M)T ’=ôjk+ (16)

For a P wave, T=1/oc2 and (16) yields

Djk/Dzoczpjpk. (17)
Similarly, for an S wave, T: l/ß2 and (16) yields

Djk/D:%(öjk—ß2pjpk)' (18)

Let us now assume that the ray L0 in the medium
H0 corresponds to a P wave. For the travel time of a
quasi-compressional wave IP(x?,xi) in H we can then
write the following expression (see Eq. 7),

1:1,(xi0, xi) = rg(x?, xi) + I}‚(x?‚ xi), (19)

where I2 is the travel time of the P wave in the H0
medium along the ray L0 and r}, is given by the re-
lation

T11)(X?‚Xi——2%IOC pipjpkplailjkldro' (20)
L0

Here oc denotes the velocity of the P waves in the HO
medium. The components pi correspond to a ray LO in
the unperturbed medium H0, pi pi: 1/012.

The situation is more complicated if the ray in H0
corresponds to an S wave. Even though two quasi-
shear waves propagate in the anisotropic medium, Eq.
(11) gives only one travel-time correction 11(xf’, xi). It is
not clear yet what the meaning of this correction is. We
shall denote it by râpé), xi). We can then write

7506?, xi) Z ”520‘199 xi) + fax?» xi): (21)

where

”CÈOCË’, xi): ‘H (Öjk_ß2 Pjpk)Pipzai1jk1dTO- (22)
L0

Here ß again denotes the velocity of S waves in the H0
medium and the components pi correspond to a ray LO
in the unperturbed medium H0, with pi Pi: l/ßz.

To decide the meaning of r§(x?,xl) in (22), if H
medium is anisotropic, we can use a slightly different
approach. Let us denote the travel times from MO to M
of two quasi-shear waves by 151(xf’, xi) and 152(x?, xi),
and the corresponding eigenvalues by GS1 and G52.
Then see (7),

T (x?‚x):IO xi‚x +1 x?,xi,51 S( ) Sl( )
(23)

1.520€?) xi) =TS0(xi0 9 xi) + 1.520€?) xi),

where t§(x9, xi) is the travel time of the S wave in the
medium H along the ray L0. The functions Tél and râz
are given by (8), where Gm equals GS1 and G52, re-
spectively. Equation (23) yields

Ts 1 (xi), xi) + Tszbæa Xi)
= 2rg(x?, xi) + I; 1 (XE), xi) + 1;, (x?, xi), (24)

where

TS1(x?axxi) + TÈ2(X?, xi)
1 a(Gm + G52) 1— ~————* -. d O.

_2 L0
{

ôaijkl O
aljkl T (25)
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Thus we evaluate the superposition of travel-time cor-
rections for both quasi—shear waves. We can find the
derivatives for GS1 +GS2 more simply than for GS1 and
GS2 independently. We find them analytically and spec-
ify them for the anisotropic medium. Finally we ob-
ta1n

Q1069, xi)+T§2(l9 xi)

=—'Ë1(ôjk—PZPi)PiPzailjksO' (26)
L0

Comparing (22) and (26) we find that r§(x?,xi) com-
puted in (22) is an average value of the travel-time
correction for both quasi-shear waves.

When the two quasi-shear waves separate, we can
write the linearizations for S 1 and S2 independently.
This situation will be considered below where we find
that Eq. (26) is valid in all cases we investigate.

In the preceding equations, we used the notation
ai1k, for the elastic parameters (divided by the density),
w1th four indices i, j, k, l. This form is particularly
suitable in equations for a general anisotropic medium
because of various symmetries and the Einstein sum-
mation convention. In practical applications, however,
it is more common to use the notation Am" for elastic
parameters, with two indices m, n. The Am" are derived
from the aijkl in the well—known way: m corresponds to
the first pan of indices, 1', j, and n to the second pair, k,
l. The correspondence i, j—>m and k, l—>n is as follows:
1,1—>1; 2,2—>2; 3, 3—+3; 1, 2—+6; 2,1—>6; 1, 3—>5;
3, 1——>5; 2, 3—>4; 3, 2—>4.

We shall now rewrite the basic equations (20) and
(26) using the constants A instead of aijkl. We shall
again use the notation

mn

Am„:A0+A1mn’ (27)
where A3," corresponds to the H0 medium, and Am" to
the H medium.

When the ray LO in the isotropic H0 medium corre-
sponds to a P wave, we can rewrite the expression (20)
for the travel-time correction of the quasi-compres—
sional wave T11)(X?,Xi) in the following form

T”(x xi) —2L10 aziAi1P1+Ai2P§+Ai3P§

2(A12+2A66)p1 p§+2(A13+2/155)p1 p3
2(1‘123‘1‘2/‘1441‚)P2P3 +414116P1 P2+4Ai5P1 P3

+ 4(A14+2A56)pîp2p3+4A26p2p1+4Aâ4pâps
4(Ai5 +2A4116) P2 P1 P3+4A35 P3 P1 +4Aä4pä P2
4(1436 +2Acis) Pg P1 P2} 6170- (28)

The symbols pi again correspond to the components of
the slowness vector in the unperturbed medium H0,
pipi: 1/052-

Similarly, when the ray LO in the isotropic medium
H0 corresponds to an S wave, we get from (26), for the
sum of the travel—time corrections of quasi-shear waves,

Til (Xi): xi) + T§2(x0 xi)

‘21{[(A11+A55+Ae1‚6)P1++(A22+A4114+A<156)Pä
L0

+(Aä3+Ai4+Aâ5)pâ+2(A16+Aâ6+Aàs)p1p2
+2(Ai 5+A315+A4116)P1 P3+2(A24+A34+A;6) P2 P3]

99

_P2[Ai1P1+ AnPg+A13P§+2(Ai2+2A86)PiP3
+2(Ai3+2A55)P1P3+2(Ai3+2A44)P2P3+4Ai6P1 P2
+4A15p1p3+4(A14+2A5 Ö)p1p2 p3+4AzÔpzp1
+4A124P2P3+4(Ai5+2A46)P2 P1 P3+4A35 PgP1

+4A§4P3P2+4(A36+2A45)P3P1P2]} dTO- (29)

Equation (29) can also be written in a different form,
which might be more useful in certain situations. If we
insert pipi: 1/‚15’2 into (29), we obtain

IË1(x0,x)+râ2(x°,x)“ËLÏOHŸZ{(A§5+A66)P1++(Ai4+A66)P§+(Ai4+A§5)P:

+(Ai1 +1412+A44+Aâ5—2A12—2AÈÔ)PÎ Pâ
+(Ai1 +Ai3+Ai4+A86_2Ai3_2A§5)Pi Pâ
+(A22+A33+Aäs +A€156_2Ai3_2A<114)P§P:23
+2(A$6+Ais—Al6)pip2+2(A%s +AâÔ-Aîs)pîp3

2(Ai4+Ai4—2Ai4_3A§6)Pi P2 P3
2(Ai6 +A41L5 —A26)P1 Pä+2(A34+Aäo 14:4i P3

+2(Ai5 +A:115_2Ai5_3Azie)P§P1 P3
2(Ai5 +A<116_A§5)P1 P§+2(Ai4+A;6—A:i4) P2 P3
2(A16+A26—2A:136"’3A4115)P1P2P125} dTO- (30)

Let us again emphasize that pi denote the components
of the slowness vector in the unperturbed H0 medium.
The quantities pl. may be replaced by the direction
cosines ni of the direction of the slowness vector (per-
pendicular to the wavefront). In the integrals for quasi-
compressional P waves, we have pizni/oc, and in the
integrals for quasi-shear waves pizni/‚ß.

Especially simple formulae are obtained if the me-
dium H (perturbed) is also isotropic. Using (13) for ailjk,
and inserting it into (20) and (22), we obtain without
difficulty the following simple formulae

T11,(X?, x = j (5(1/oc)ds, r§(x0 = j Ö(1/ß)ds.
L0 L0

Here (SU/oc) and ô(1/,B) denote small corrections to the
quantities l/oc and 1/ß, respectively. The quantity ds is
an elementary arc-length along the ray L0.

These equations are well-known in seismology (Ro—
manov, 1972; 1978). They have been used successfully in
the solution of 2D inverse kinematic problems in in-
homogeneous 2D isotropic media (Alekseev et al., 1970;
Firbas, 1981; Novotny, 1981). They have also been used
in the joint determination of velocity structure and
hypocenter location (Gubbins, 1981).

Linearized Expressions for Ray Velocities

In this section, we shall present one simple application
of the preceding theory — the linearized expressions for
ray velocities. By the term ray velocities we understand
the velocities with which the wave propagates along a
ray (group velocities). It is not difficult to show
(Backus, 1965) that the linearized expressions for ray ve-
locities are equivalent to linearized expressions for the
phase velocities; the differences between both the veloc-
ities are of a higher order. In strongly anisotropic me—
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dia, of course, the ray velocities may be rather different
from the phase velocities.

In this paper, we consider only slightly anisotropic
media. We shall start with Eq. (7) which gives the
travel-time from any point M0 to a point M in a
slightly anisotropic inhomogeneous medium. The ex-
pression (8) for the travel-time correction can generally
be written in the following form

—%50W0(
(xi,p.’co)d (31)”cli(x0,i)=x

Specific expressions for W0 for various situations can
be obtained from equations presented in the preceding
section.

Let us now assume that both the media HO and H
are homogeneous. Denote the distance between MO
and M by r, the ray velocity in H0 by 00 and the same
velocity in H by 0. Equations (7) and (8) then yield

=———' W0, (32)
and, consequently,

v=vO(1—%WO)_1, v—vo=vo{(1~%W0)_1—1}. (33)
As W0 is small,

v—v ~v—0 W0 (34)0
2

'

Similarly, we can write

vz—väwvä W0. (35)
When the medium H0 is isotropic, we can write the
following expressions for the velocity UP of a quasi-
compressional wave and the velocities of both quasi—
shear waves 1281 and 1252:

2fi2~fi2 W0, (36)
where W0 can be obtained, e.g., from (20) and (26).
Inserting W0=oc2p pjpkpl ailjkl for P waves and W0
=(ôjk— ‚32 pjpk)p pla,i for S waves, see (20) and (26),
we obtain

2 2 2 O 2 2

vï‘r—oc2 ~ninjnlnkai1jkl, (37’)
_2:82 ~"inlailjkz(5jk (37H)v§1+v§2 —njnk).

The Eq. (37’) corresponds fully to that obtained by
Backus (1965) for the phase velocities of quasi-compres-
sional waves (Eq. (17) in Backus, 1965).

Another simple equation is obtained by the com—
bination of both formulae (37’) and (37”). We take into
account that the rays of P and S waves in a homo-
geneous isotropic medium are the same (a straight line
between MO and M). From (37’) and (37”), we then
obtain

vfi+v§1+17§2—2/32——~oc2~ninlai1jjl. (38)

An equivalent equation was also obtained by Backus
(Eq. (28), Backus, 1965).

Plane Curve Unperturbed Ray

The formulae (12)—(30) are applicable when the unper-
turbed medium HO is isotropic. Now we return to a
general case of an anisotropic medium H0. The for-
mulae (8) and (11) remain valid, both for quasi-compres-
sional and quasi-shear waves. To specify these for-
mulae for some special cases of practical interest, it will
be useful here to write the expressions for F]. explicitely.
For a general anisotropic medium, we have”

F11=A11pi+A66P2+A55p§
+2A16P1p2+2A15P1P3+2A56P2P39

F22=A66pi+A22P2+A44P5
+2A26P1p2+2A46P1p3+2A24p2P3>

F332A55pi+A44p2+A33P5
+2A45p1p2+2A35p1p3+2A34p2p3,

F12=F21=A16pi+A26P2+A45p§+(A12+A66)p1p2
+(A14+A56)p1193+ (A46+A25)P2P39

F132F31=A15P1+A46P2+A35P3+(A14+A56)P1P2
+(A13+A55)P1P3+(A 36+A4 5)P2P3= ,

F23=Ï32=A56p1+A24p2+A34p3+(A 25+A46)p1P2
+(A36+A45)P1P3+(A 23+A44)P2P3 (39)

Let us now assume that the ray L0 in the unper—
turbed medium HO is a plane curve and is fully situated
in a plane Z. We choose the Cartesian co-ordinate
system x1, x2, x3 so that the plane is described by the
equation x220. We shall assume that the plane x220
is a vertical plane and that the x3 axis corresponds to
the depth axis, as is common in seismological appli—
cations. (The following investigations may be applied,
however, to an arbitrary orientation of the plane Z.) If
the elastic constants do not depend locally on x2 in the
vicinity of L0, the component p2 of the slowness vector
p does not change along the ray. We shall consider the
case p2 =0. In addition, we assume

A14:A16=A34=A36=A4521456:0: (40)

so that the matrix of elastic parameters is as follows

A11 A12 A13 O A15 O
A22 A23 A24 A25 A26

A33 0 A35 O
(41)

A44 O A46

A55 0
A66

This is the most general selection of elastic parame-
ters for which the ray L0 is fully situated in the plane
x220. The model (41) includes, e.g., the monoclinic
system with the symmetry plane coinciding with the
plane x2 =0.

For Fi]. (39) then yields

F11:A11pi‘l’A55p5‘l'2A15P1p3:

F222A66Pi+A44P§+2A46P1P3,

F33:A55 pÎ+A33pâ+2A35 P1173»
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F13=F31:A15Pi+A35P§+(A13+A55)I91p33
F12=F21=F23=F32=0 (42)

The characteristic equation (4) can be factorized in
this case. We can rewrite it in the form

(F22_G){(F11 F123}=0- (43)

Thus, two eigenvalues are solutions of the equation

G)(F33 —G)“

(Fll—G)(F33—G)—F123:O. (44)

If the plane x2=0 is a vertical plane, the two so-
lutions of (44) correspond to a quasi-compressional P
and a quasi-S V waves. We can denote them by GP and
GSV. _The remaining. eigenvalue GSH, corresponding to a
quas1-SH wave, 1S given by the equatlon

GSH = r22. g (45)
Thus, the derivatives of the eigenvalues can be obtained
simply for quasi-SH waves. For GP and GSV, using (5)
and the theorem on implicit functions, (44) yields

ÔG
: 1 ô[(F11—1)(F33_1)—F123]

âA.. r,,+r,,—2 13A,, '
lJ

(46)

By inserting (45) into (8), for the travel—time cor-
rections of the quasi-SH wave we obtain

TsH(xi)a xi) z _î (A6116 pi + A4114 P273 + 2144116 P1 P3) dTO- (47)
L0

For both the quasi-compressional P and quasi-SV
waves, we have formally the same equation,

TII’,SV(X?5 xi) : __„(F101 + F303 ‘“ 2)_1

'ii(A(5)5Pi+AL:P3+2A35P1p3_1)Ai1
+P3(A11P1+A25P3+2A15P1P3— 1)Ai13
+(A3 3P3+A11P1— 2A(1)3p1p3_ P1— PÊMËs
+2P1(P3A33+P1P3A35—P1A15‘P1P3A13—P3)A15
+2P3(PiAi)1+Pip3A15_ P1P3A(1)3— P3A35— P1)A35
‘2P1P3(A(1)5P%+Ag5Pä+(A(1)3+A(5)5)P1P3)A13} d70-

(48)

Here p are components of the slowness vector in the
H0 medium; they correspond to the relevant waves.
They are different for a quasi-compressional P and a
quasi-S V wave.

Thus, we have obtained separated expressions for
the travel-time corrections corresponding to quasi-SV
and quasi-SH waves.

Let us now specify Eqs. (47) and (48) for the isotro-
pic H0 medium. Then

A912A322A93ZO‘29
A242A25=A2621823
Ai2:A(1)3:A(2)3=O‘Z“2fi25

with all other elastic constants vanishing. For quasi-
shear waves we put p12+2p3=1//32, for a quasi-compres-
sional wave p1+p3—-1/oc2. From (48) we then obtain

101

11(x01,ix)=
210 ail/111p1+A§5P§+2(A15+2A55)pip§

+4Aï5pîp5+4Aâ5p1pâ}dr°1 (49)
I5M" X —%1[32{A55p1+A55p‘5‘

+(Ai1+A33—2A55_2Ai3)l71p§
+2(A15—A55)p1p5(p§—pi)}drO. (50)
Together with (47), Eqs. (49) and (50) give a com-

plete system of linearization equation for all the three
waves propagating in the isotropic inhomogeneous me-
dium under study, when the ray LO is situated in the
plane x220. From (47) and (50), we also easily obtain
an expressions for the time difference between the trav-
el-times of both quasi-shear waves. If we multiply the
integrand of (47) by 82(1)? +19%): 1, we obtain

TÊVÛCzpa xi)_TsH(x?a xi)

‘51 P2 “A55 ‘A86)Pi+(A55 ‘A4114)P§
L0

+(Ai1+A53_A4114_A6156_2Ai3_2A55)PiP§
+2(Ai5 —A4116—1435)P1Pg
+2(Aâ5_Aâb”A15)PÎP3} dTO- (51)

Similarly we can check that Eqs. (47) and (50) yield a
general formula (30) when we put p2 =0 and insert (40).

Similar formulae can easily be derived also for cases
when the ray L0 is situated completely in the plane x1
=0 or in the plane x3=0. They can either be derived
directly, or obtained by rotating the coordinate system.
We shall consider here only one of these two cases,
when the ray LO is situated in the plane x3 =0 (constant
depth). A similar situation has often been considered in
seismological applications and was also discussed in
detail by Backus (1965). This may also be considered as
a “model situation” for refraction shooting measure-
ments, in which all the rays are “horizontal”. (They are
assumed to propagate just below the Mohorovicic dis-
continuity, which is assumed to be a surface of con-
stant depth.)

We shall assume [93:0 and put

A14:A15:A24:A25:A46:A56:0' (52)

As in (40), this is the most general selection of elastic
constants for which the ray L0 is situated completely in
the plane x3 =0. The model (52) includes, e.g., the mono-
clinic system with the symmetry plane coinciding with
the plane x3 =0.

The characteristic Eq. (4) can then be factorized.
The separated quasi-shear wave corresponds to the
quasi-SV wave in this case, not to the quasi-SH wave
as in the previous case. The quasi-SH wave is coupled
with the quasi-compressional P wave. For the travel-
time corrections we obtain general equations, similar to
(47) and (48)

”Eh/(XE), Xi): _%l (A55pi‘l'Aci4 [734—2144115191 p2)dr0, (53)
LO

1"11),SH(X?> xi): —%) (F101 +1302 _2)—1
L0
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{pi(A26pi+A22P2+2A26P1P2— 1)Ai1

+p2(A(1)1p1+A66p2+2A16p1p2—1)A22
+(P1A01+P2A32—2A02P1P2‘P1‘P2)A66

+2p11P2A32+P1P2A26‘ P1P2A12 ”14(1)p P2)Ai6
+2P2(A(1)1P1—A(1)2P1P2+A16P1Pz—A36P2_ P1)A26
_2P1p2(A(1)6P:i+A2 6p2+(A02+A66)p1p2)A i2}dTO

0(54)

The time differences corresponding to the quasi-com-
pressional P and quasi-SH waves in (54) are distin-
guished by different pi and drO. If the unperturbed H0
medium is isotropic,

T};(X?‚Xi)

= “ä 0‘21Ai1p14+A22p2+2(A12+2A66)p1p2
L0

+4Ai6p1p2+4A26p2p1}dT09 (55)

_2150 ßz {A66p1+

—2Aîz-2Aà6)pîpâ
#116) p1 p2(pÎ —pâ)} 617:0. (56)
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For the difference 15V—

Tävu?’ xi) "‘ Täflx?’ xi)

—%i .82 {(Aés “A60 pi+(A4114_A(156) I):
L0

+(Ai4+Aä5—A}1—Aäz+2Aiz+2Aä6)p%pä
+2(A4115 +Ai6_A26)PiP2
+2(A4115+A26—Ai6)p1p2} dTO- (57)

The discussion and application of all the formulae pre-
sented above is straightforward.

Let us mention one exceptionally simple application
of all the above formulae. If the unperturbed medium
HO is homogeneous, the rays L0 are straight lines. This,
of course, does not mean that we can remove the
integrals from the formulae presented above, as the
medium H is inhomogeneous. However, it would be
possible to replace the integrals by sums and specify
the corrections of the elastic parameters A? is some
rectangular network The values of Ail}. at the grid points
of the network could then be found by some modi-
fication of the method suggested by Aki et al. (1977) for
3D isotropic media.

Numerical Examples

It is not simple to express analytically the accuracy of
linearized equations. It would be necessary to devote a
more detailed and extensive numerical study to this
problem.

In this section, we shall present two simple numeri-
cal examples. As the computer programs to evaluate
exact travel-times are now available for a vertically
inhomogeneous, transversely isotropic medium (Cer—
veny et al., 1977), we shall use such a medium for our
numerical experiments. For simplicity, we shall only
consider quasi-compressional waves, not quasi-shear
waves. For two selected models of vertically inhomo—
geneous transversely isotropic media, we shall compute

Table 1. Model of transversely isotropic medium used for
computing the travel-times in Fig. 2. A11, A33, A55, A66 and
A13 are the depth-dependent elastic parameters divided by
density (in kmz/sz), ô is the coefficient of anisotropy

Depth A11 A33 A55 A66 A13 ô
(km)

0 7.84 4.00 1.33 2.61 2.84 29 ‘Z,
1.5 12.25 7.24 2.43 4.08 4.48 23 %
4.0 23.04 17. 64 5.88 7.68 8. 33 13 %

18.0 42.25 3844 12.81 14.08 14. 66 5%
25.0 53.29 51.04 17.28 17.76 18.00 2 ‘Z,
50.0 74.82 62.41 21.06 24.92 26.53 9 %

VELOCITY (KM/S)
0 1

0 l ;

10 -

Î 20-

E
E 30—
“ä

1.0-

50-

l
Fig. l. Model used for computing the travel-time curves pre-
sented in Fig.2. V1=]/A11 corresponds to the horizontal
velocity, [/32 |/A33 to the vertical velocity, 17 to the average
velocity, V=%(V1 + V3)

the travel time both exactly and by linearization. We
shall use Cartesian co--ordinates so that the ray L0 is
situated in the plane x2=0. For computation of travel-
time corrections, we shall use Eq. (49) with A15: Aäs
=0. The exact travel times are evaluated by numerical
ray tracing, directly for the perturbed model of the
medium specified by elastic parameters Amn. In the
linearization approach, we start with some unperturbed
isotropic medium specified by parameters A31" and de-
termine the unperturbed travel times to for this me-
dium by well-known methods. Then we determine the
small perturbations of elastic parameters A‚1„„:Amn
—A‚‘‚)‚„ and evaluate the travel time correction ”Cl by the
linearization equation (49). Then, the travel time ”C is
obtained by (7), r=r0+r1.

First Example

The model of the vertically inhomogeneous, trans—
versely isotropic medium used for the computations is
specified in Table 1 by the values of the elastic parame-
ters A11, A33, A55, A66, A13 at depths ofOkm, 1.5 km,
4km, 18km, 35 km and 50 km. These values are in-
terpolated by cubic splines to arbitrary depths. The
quantity V1:|/A11 corresponds to the quasi-compres—
sional velocity in the horizontal direction, V3 =|/A33
in the vertical direction. These velocities are shown in
Fig. 1. The coefficient of anisotropy ô (introduced here
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Fig. 2. Reduced travel-time curves computed for the models
specified in Table 1 (see also Fig. 1). Reduction velocity is 6.0
km/s. The curve TA is exact and corresponds to a_ transversely
isotropic medium. The bold curves T1, T3 and T co_rrespond
to isotropic media with the velocities V1, V3 and V, respec-
tively. The remaining three curves (thin) correspond to a
transversely isotropic medium and are obtained by linear-
ization; the thin continuous curve from T3, _the thin dashed
curve from T1 and the thin dotted curve from T

as a ratio ô=lOO-(V1—V3)/V3) varies with depth; it is
very large close to the Earth’s surface (5~30 0/0) and
smaller at larger depths, see Table 1 and Fig. 1.

The travel-time curve for this model of a trans-
versely isotropic medium is shown in Fig. 2, by a bold
line (denoted by TA). The same figure also shows the
travel-time curves for three isotropic media. The first
corresponds to the medium described by the P velocity
V1: A11 (denoted by T1), the second by the P ve-
locity V3=]/A33 (denoted by T3) and the third by the
average value V=%(]/A11 + A33) (denoted by T). The
differences between the travel-time curve corresponding
to the anisotropic medium and the travel-time curves
corresponding to the three isotropic media are rather
large.

Figure 2 also shows three travel-time curves for the
transversely isotropic medium specified by Tablel ob-
tained by linearization starting from the three isotropic
media discussed above. We can see that these travel-
time curves obtained by linearization are very close to
the exact travel-times. For example, if we start with the
“average” isotropic medium, the travel-time differences
with respect to the exact travel-time do not exceed
0.04s in the range of epicentral distances 10—120 km.
In absolute terms, the travel-time differences at an epi-
central distance of 120 km is less than 0.2 ‘70.

Second Example

The model is specified in Table 2, as in the first exam-
ple. The horizontal and vertical P velocities V1 and V3
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Table 2. Model of transversely isotropic medium used for
computing the travel times in Fig. 4. A11, A33, A55, A66 and
A13 are_ the depth-dependent elastic parameters divided by
density (in kmz/sz), ô is the coefficient of anisotropy

Depth A11 A33 A55 A66 A13 Ö
(km)

0 4.84 4.00 1.33 1.61 1.73 10 0/O
1.5 8.82 7.29 2.43 2.94 3.14 10 %
4.0 27.34 17.64 5.88 7.11 7.60 10 %

18.0 46.51 38.44 12.81 15.50 16.58 10 0/O
25.0 62.73 51.04 17.28 20.91 21.89 10 0/O
50.0 75.52 62.41 21.06 25.17 26.39 10 %

VELOCITY (KM/S)

DEPTH

(KM)

Fig. 3. Model used for computing the travel-time curves pre-
sented in Fig. 4. V1, V3 and V correspond to the horizontal,
vertical and average velocity, respectively

3.8—

T3
3.6‘

3.4 -

3.2~

3.0+

2.8~

2.6~

2.4—

REDUCED

TIME

(SI

2.2~

0 10 20 30 7.0 Ëo 6'0 70 80 90 100 110 120
EPICENTRAL DISTANCE (KM)

Fig. 4. Reduced travel-time curves computed for the models
specified in Table 2 (see also Fig. 3). The reduction velocity is
6.0 km/s. The explanation of individual curves is the same as
in Fig. 2
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and the average velocity V are shown in Fig. 3. We can
see that the anisotropy increased in the lower part of
the model. The coefficient of anisotropy ô is nearly
constant throughout the model, independent of depth,
close to 10 %. All the travel-time curves shown in Fig. 4
are constructed in the same way as in the preceding
example. Again, when we construct the travel-time
curve by linearization from the “average” isotropic me-
dium, differences from exact travel—times do not exceed
0.05s. In absolute terms, the travel-time difference at
an epicentral distance of 120 km is less than 0.25 %.
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Source Parameters of Mine Tremors in the Eastern Part
of the Ruhr-District (West-Germany)
K.—G. Hinzen
Institut fur GeOphysik der Ruhr-Universität Bochum,
Universitätsstraße 150, D—4630 Bochum 1, Federal Republic of Germany

Abstract. About 190 mine tremors were recorded dur—
ing a 120 day period in the eastern part of the Ruhr-
district (West Germany). Source parameters of 37 tre-
mors (1.3§ML__<_2.3) are calculated. Hypocentral dis—
tance was about 2km. A combined plot of first P-wave
motions in an equal area projection of a focal sphere
possibly suggests a dip slip mechanism. Displacement P-
wave spectra of 13 events show a clear low frequency
level and a high frequency asymptotic behaviour as f ‘3,
where f is the frequency. Seismic moment varies from
2.3 x 1018dyn cm to 2.3 >< 1019dyn cm. Corner frequen-
cies are in the range of 12—16Hz. Interpretation of
spectra with Brune’s (1970) model extended by Hanks
and Wyss (1972) leads to source dimensions between
87m and 120m. Stress drops vary from 0.9 bars to
8.4bars. Average dislocations range from 0.6mm to
19mm. Stress drop, dislocation, and seismic moment
have a clear dependence on radiated seismic energy.
Seismic energy of the mine tremors is between 1.4
x1013ergs and 2.2x1015ergs. The energy magnitude
relation logE=11.8+1.5M given by Gutenberg and
Richter is in good agreement with the data.

Source dimensions are in the same range as those
found for mine tremors in Utah, South Africa, and
Poland.

Key words: Mining induced seismicity — Mine tremors
— Source dimensions — Stress drop

Introduction

Since Reid (1910) made his geodetic studies of the 1906
San Francisco earthquake, a shear fault mechanism has
been the most comonly used earthquake model. A
great variety of kinematic and dynamic models have
been developed in the past. Many models permit the
determination of source parameters from farfleld
measurements of seismic waves, especially from dis-
placement spectra (Kasahara 1957; Archambeau 1964;
Berckhemer and Jacob 1968; Brune 1970; Hanks and
Wyss 1972; Madariaga 1976; Boatwright 1980).

In this connection, mine tremors are an interesting
subject of study. It would be important to the mining
industry, if the same models used for natural earth-
quakes could be applied to mine tremors. Conversely,
mine tremors could be used as “model earthquakes” in

order to study different techniques of source parameter
determination.

Some attempts have been made to analyze the focal
mechanism of mine tremors. Tremors induced by coal
mining in Utah, USA, have been studied by Smith
et al. (1974). Spottiswoode and McGarr (1975) and
McGarr et al. (1981) examined tremors in a deep
level gold mine of South Africa. Source studies of
Polish coal mine tremors have been made by Gibbowicz
and Chichowicz (1977).

In this study source parameters of coal mine tre-
mors from the Ruhr-District (West Germany) are de-
termined and compared with other induced seismic
events.

In none of the studies mentioned above was the
shear dislocation model contrary to the observations.
In addition, inspection in a South African gold mine by
McGarr et al. (1979) showed some shear zones caused
by mine—tremors. Combined fault—plane-solutions of
mine tremors in eastern Utah (Smith et al. 1974) and in
Stoke-on-Trent, UK (Westbrook et al. 1980) show that
some of the mine tremors were of strike-slip mecha-
nism.

Instrumentation

Five vertical seismometers (Baule—Hottinger B5Z) with
natural frequencies of 2.5 Hz and at 62% of critical
damping were used to record ground velocity. The seis-
mometer locations are shown in Fig. 1.

The signals were recorded at a central station.
Event recording was made with a six channel pulse-
code—modulating unit. Signals were recorded con-
tinuously on a three channel ink recorder. The dynamic
range of the event recording system was 60 dB.

Data

From Dec. 1978 to Sept. 1980 a local seismic network
of 5 stations operated in the eastern part of the Ruhr-
district (West Germany). In the period from January
1st, 1979 to April 30th, 1979 a series of about 190 mine
tremors was recorded and about 60 of these were re-
corded on magnetic tape (Baule and Hinzen 1981).

Most of the events were detected at stations 2, 3, 4
and 5 (see Fig. 1). Station 5 consistently showed the
best signal to noise ratio while the seismograms at

0340-062X/82/0051 /0105/$01.60
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Fig.1. Location of seismometers No. l to 5
(A) and epicenters of mine tremors (o) are
shown on the left. Coordinates are from the
third stripe of the Gauss-Kriiger—Net. The
insert is a map of West Germany with the
location of the focal area (I). The area within
the dashed lines is shown in detail on the

I——5°—°"‘———« rigth. Epicenters are given in relation to
1 mining activity
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Fig. 2. Observed P—wave first motions of 21 events in an equal
area projection of the upper focal sphere. Open circles are
dilatations, closed circles are compressions. Two possible fault
plane solutions are indicated: a dip slip mechanism with a
vertical NW—SE striking fault plane (dotted line) and a thrust
fault with NW—SE striking fault planes (dashed lines)

station 2 were clipped. Thirty-seven seismograms from
station 5 were used to determine source parameters.

Epicenter locations were made with a ray-tracing
routine (Pelzing 1978) and are shown in Fig. l. The
epicentral distance to the tremors was about 2km. De-
termination of the focal depth was not possible in most
cases because a clear onset could only be read in the
seismograms of three stations. Past experience has
shown that most of the tremors in the Ruhr-district are
located above the mine workings, which are about
900m below the surface in our case, so a constant
depth of 750m was assumed as focal depth for all
events. This assumption is not critical as it affects only
slightly the hypocentral distance; a mistake of 250m in
depth causes only a 5 % change.

Fault Plane Solution

In our case the number of stations was too small to
construct fault-plane solutions but a combined analysis

of a large swarm of tremors from the same mine allows
some conclusions.

Figure 2 shows the observed P-wave first motions
for 21 events. The scatter of data in the equal area
projection is caused by the variation of epicenters and
perhaps by variation in focal mechanisms as well. At
the north-western and southern station only dila-
tational P-wave first motions were observed (open cir—
cles). The station in the east shows only compression
(closed dircles). At the station in the south-east com-
pressional and dilatational P-wave first motions are
measured. This may indicate that the station is located
close to a nodal plane. In this case, a simple dip-slip
mechanism with a vertical NW-SE striking fault plane
(dotted line) and a thrust fault with NW-SE striking
fault planes (dashed lines) are possible solutions. Due
to the uncertainties of these fault plane solutions, the
stress axes are not derived.

Even if a poor S/N ratio caused the ambiguous
polarity at the station in the south-east, an implosive
source cannot explain the measurements. A shear fault
is a more probable model for the mine tremors ana-
lyzed in this study.

Magnitude Determination
Local magnitudes ML of the events were calculated
from seismograms recorded at the seismic station of the
Ruhr-University in Bochum (BUG). The epicentral dis-
tance of this station is about 40 km. The displacement
response of the three component short period trans-
ducers (Baule-Hottinger B4) is very similar to that of a
Wood-Anderson standard seismograph. The product of
the inverse amplitude response of the short period in-
struments at BUG(ARBUG)‘1 and the amplitude re-
sponse of Wood-Anderson seismograph, ARWA was cal-
culated. After correcting for the actual gain ML is eas-
ily determined from the largest trace amplitude. The
correction factor for amplitudes is given by
ARWA-(ARBUG)‘1. The range of measured magnitudes
is: 1.28§ML§2.3.

Seismic Energy
Taking geometrical spreading and seismic impedance
into account, the seismic energy E is given by:
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t2

E247IR2pC l vf(t)dt (1)
t1

where p is the density, R is the hypocentral distance
and vc(t) the ground velocity of the P- or S-phase
(c=oc, ß). Perret (1972) has shown that this calculation is
valid for spherically symmetrical radiation and R>c/f,
where f is the frequency. In this study c/f is always
smaller than 500 m and the hypocentral distance is in
the range of 2km.

Energy was determined using the P-arrival, because
only vertical components were available. Fortunately
P-waves are less sensitive to attenuation than S-waves
(Wyss 1970). Regarding the energy of the S-wave,
amplitudes of the S-waves were assumed to be three
times larger than those of P-waves (Haskell 1964; Ar-
chambeau 1964).

Energy Accumulation and Energy Release

The energy accumulation for the 120 day period is
plotted in Fig. 3. All events recorded on the ink re-
corder were used.

Three stages of different energy accumulation rate
dZE/dt are obvious:

1. period: 0 g t g 34 (in days)

gig—20.27 ><1015 erg/day

2. period: 34<t§59

dî—tE=O.55 ><1015 erg/day

3. period: 59<t§101
dZE
_dt_=0.08

>< 1015 erg/day

The total energy release, E for the 120 day period istot?

ZEtot 22.5 ><1016 erg
with a maximum rate during the second period.

In Fig. 3 there is also shown the cumulative number
of events which correlates well with energy release. The
number of events per day dZN/dt is:

1. stage: 9§t§34 (in days)
dZN/dtzOBday‘1

2. stage: 34<t§69
dZN/dt=4.4day‘1

3. stage: 69<t§99
dZN/dt=1.14day‘1

Energy-Magnitude Relation

The relation between seismic energy, E, and local
magnitude, ML, is shown in Fig. 4. The relationship
given by Gutenberg and Richter (1956)

logE=11.8+1.5M (2)
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Fig.4. Energy-magnitude relationship. Local magnitudes were
calculated from seismograms recorded at Station BUG. Solid
curve is the relation given by Gutenberg and Richter (1956)

which was developed for the surface wave magnitude
scale, provides a good fit to the data. Although the
scatter and the small magnitude range limits our data
sample, other relations given by Thatcher and Hanks
(1973)

logE=8.1+2.0M (3)

and Richter (1958)



108

Type I Typo n

Ÿ“ 3.75 I» :1 CITES—H

Fig. 5. Comparison of two different types of P-pulses

logE=9.9+l.9ML—0.024ME (4)

do not agree with the data of this study. The energies
calculated using Eqs. (3) and (4) are much smaller than
those determined from the seismograms using the ap-
parent stress. This agrees well with results from Aki
(1980), who found that energies calculated from Eq. (4)
were underestimated by about a factor of 10 for earth—
quakes with its/1,341.0. Similar results were obtained by
Spottiswoode and McGarr (1975) for tremors in a
deep-level gold mine in South Africa.

Shape of P-Pulses

The P-pulses of the 37 events show two different types,
which will be referred to as type I and II. l3 events are
of type I and 22 of type II, two events cannot be
classified.

Type I is dominated by a strong upward movement,
which follows immediately after a small negative onset.
It must be mentioned, that the small negative onset can
not be explained by simple dislocation models like that
of Brune (1970, 1971) which is used in this study. The
amplitudes of the downward and upward movement
are nearly the same for type Il pulses. One example of
each pulse is shown in Fig. 5. Because type Il events
cannot be explained by a shear dislocation, source pa-
rameters are only calculated for type l events.

Spectra of Ground Displacement
To determine displacement spectra the pulse-code mo-
dulated signals were demodulated and digitized. The
sampling interval was At=5ms (Nyquist frequency f,W
=100 Hz). A possible DC-offset was removed. The ve-
locity seismograms were corrected for instrument re-
sponse and integrated to produce ground displacement.
To separate the P-pulse, a Gaussian window

211332W = _. __ _(n) exp( (N) 2) (5l

withn=—N/2,...,—l,0,l,...,N/2was used.
a is an adjustable parameter, the reciprocal standard

deviation. A value of 3 was chosen for s. The window
length was adjusted to the length of the P-pulse; gener—
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Fig. 6. Displacement spectrum of a P-pulse for (2:00 (con-
tinuous line) and Q2150 (dotted line). The insert in the lower
left shows the displacement seismogram with the bar indicat-
ing the analysed time interval. The dashed line is a noise
spectrum of station No. 5

ally, it was about 150 samples with the window maxi—
mum in the middle of the P-pulse. For technical rea-
sons, zeros had to be added up to 1,024 samples. Spec-
tra were plotted on a logarithmic scale. Correction of
the spectra for attenuation did not seem necessary due
to the short hypocentral distance. The quality factor, Q,
for P-waves in Carboniferous rocks ranges from 100—
300 (Gibbowicz and Chichowicz 1977).

Figure 6 shows the measured spectra of a P-pulse
(continuous line), the same spectra corrected for Q
=150 (dotted line) and a typical noise spectrum of
station 5 (dashed line). The effect of the correction for
attenuation is not significant. The sharp peak in the
noise spectrum at a frequency of 25 Hz is caused by a
ventilator in an air-shaft in the vicinity of station No.
5.

Figure 7 gives four examples of the displacement
Spectra. Low- and high-frequency asymptotes and cor-
ner frequencies are indicated and about one second of
the transformed P-pulse is shown.

All spectra have a clear flat low-frequency part and
a decreasing trend above the corner frequency fÜ. To
determine the zero frequency intercept, 9,3, the corner
frequency, f0, and the rate of high—frequency decay, y,
some master curves were calculated. The curves are
based on the empirical assumption of the general form
of displacement spectra as presented for example by
Brune (1970). The master curves have the form

.. l
Um _ „_ (Marion and Long, 1980). (6)

1+(f/fo)’
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Fig. 7. Four examples of measured P-wave displacement spectra of seismograms from station 5 in log-log plots. High- and low-
frequency asymptotes, QO-values, rates of high-frequency decay, v, and corner frequencies, [0, are indicated. The insert gives the
shape of the transformed P-pulse of Is length

Vertical adjustment of the master curves to the mea-
sured spectra gives the low-frequency asymptote. Hori-
zontal adjustment gives the corner frequency. )2 is the
curve parameter. The mean value of y for all events is ÿ
=3.4 i013.

Source Parameters

For a double couple model the moment of one couple
M0 is related to the zero frequency intercept by:

7'141.)=41-1:‚o.::113R(AFF')‘l(LJ (Keilis-Borok, 1960) (7)

where AFP is the far field radiation pattern of P—waves,
p is the density, a: is the P-wave velocity, and R is the
hypocentral distance. Because of the unknown focal
mechanism a mean value AFP=0.39 was chosen for P—
waves (Spottiswoode and McGarr, 1975). Density was
assumed to be p=2.6g/cm3. The average P—wave ve—
locity is known from blasting experiments to be or
=3,720 m/s.

Besides seismic moment Table 1 presents seismic
energy, source dimension r0, stress drop A00, and the
average dislocation dû for type 1 events.

The radius for a circular fault, r0, in Brune‘s model

(Brune 1970, 1971) is related to the corner frequency 1;,
by

2.3401

"0:27:13“
The average dislocation is given by Aki (1966) as:

(Hanks and Wyss, 1972). (9)

_ M
"0: 70 (10)

W611

where the shear modulus it was taken to be
‚u = 3 X 1011 dyH/l. The stress drop was calculated using

Afio=äMo/rä (11)
following Brune (1970).

In Fig. 8 (from bottom to top) seismic moment,
stress drOp, average dislocation, and source dimension
are plotted as a function of seismic energy for the 13
type I events.

Seismic moment of the mine tremors is between 2.3
XIOIdncm and 2.3x1019dyncm. The best linear
relation between M 0 and E is:

M,=0.6iogs+10.1.
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Table 1. Source parameters and local magnitudes of mine tremors in the eastern Ruhr district

Date Time E M0 ‚ rO A 00 d0 ML Type
(1014 erg) (1019 dyn cm) (m) (bars) (cm)

11.1.79 21h27m 9.76 2.30 116 6.4 0.18 1.9 I
17.1.79 07 22 4.80 1.50 115 4.3 0.12 1.7 I
19.1.79 09 13 1.55 0.89 120 2.2 0.07 1.5 I
23.1.79 08 40 1.76 0.92 104 3.6 0.09 1.6 I
26.1.79 19 30 7.65 1.70 114 5.0 0.14 1.7 I
29.1.79 21 16 2.63 1.00 108 3.5 0.09 1.7 1
3.2.79 00 23 3.58 1.40 116 3.9 0.11 1.7 I
3.2.79 13 18 8.80 — — — —— 2.3 II
5.2.79 17 08 0.57 0.51 101 2.2 0.05 1.3 I
6.2.79 16 53 11.00 —- — — — 2.0 I
6.2.79 22 29 2.36 0.78 103 3.1 0.08 1.6 II
7.2.79 07 42 0.14 — — — — — ?
9.2.79 00 40 0.45 0.23 98 0.9 0.02 — I

14.2.79 O3 40 0.59 9.39 87 2.6 0.06 — I
14.2.79 09 30 14.60 — — — — 1.9 ?
19.2.79 11 11 21.90 — — — 2.0 II
20.2.79 12 04 2.23 0.83 95 4.2 0.10 1 5 I
22.2.79 10 55 8.41 1.50 92 84 0.19 2.2 I
27.2.79 22 26 9.25 — — — — 1.7 II
27.2.79 22 36 1.08 — — — — 1.5 II

1.3.79 22 34 2.06 —— ~— — — 2.0 II
5.3.79 11 19 0.65 — —— — — 1.5 II
6.3.79 23 21 2.73 — — — — 1.8 II
7.3.79 17 17 0.78 — — — — 1.6 II
9.3.79 01 08 0.73 — — — — 1.6 II

10.3.79 02 11 1.45 -— — — — 1.8 II
12.3.79 11 58 2.96 — — — — 1.7 II
13.3.79 01 27 0.79 —- —- — — 1.6 II
14.3.79 18 05 0.54 — — — — 1.6 II
15.3.79 18 58 1.60 — — — — 1.5 II
16.3.79 15 14 0.72 —— — — — 1.4 II
17.3.79 14 17 0.48 —- — — — 1.4 II
19 3.79 14 48 0.26 — — — — 1.3 II
22.3.79 05 49 1.62 — — — — 1.5 II
29.3.79 21 23 1.02 — — — —— 1.6 II
31.3.79 01 01 1.49 — — — — 1.6 II
2.4.79 17 51 0.71 —— — — — 1.5 II

Stress drop varies from 0.9 bar to 8.4bar. A func-
tional relation between ES and stress drop is obvious.
The best fit to the data is:

log A00 = 0.5 log E — 6.4.

The average dislocations — ranging from 0.2 to 19mm —
increase with increasing seismic energy:

äo =0.510gE——8.6.
The source dimension varies from 87 to 120m. A sys-
tematic relation between source dimension and ra-
diated seismic energy is not aparent.

Comparison with Mine Tremors
from Different Source Regions

As outlined by Hanks and Thatcher (1972) and That—
cher (1972) the use of an 520 —f0 diagram has the ad-
vantage that data comparison is independent of the
scaling associated with a particular model. QO and fO
are spectral parameters which do not depend on as-
sumptions concerning wave velocity and density.

Horizontal lines in the Q0 —-—f0 plot are lines of
constant £20 and MO. The vertical lines are lines of
constant f0 and r0. Following Keilis-Borok (1957) and
Brune (1970, 1971) the stress drop A00 can be written:

A00=kQ0f03 (12)

where k is a contant factor. Lines with a slope —3 in
the Q0 —f0 diagram are lines of constant 90-f03 and
A00. In the case of Brune’s model the constant is given
by k=106pR. The actual value of A00 can be read
from the diagram when [20 and f0 are known.

Figure 9 shows an Q0 —f0 plot with data from mine
tremors of different source regions. The QO-values are
in all cases corrected for hypocentral distance and nor-
malized to R—— 100 km as indicated byQ 100

Spottiswoode and McGarr (1975) 0determined P-
and S-wave spectra, In Fig. 9 only the parameters {20
and fO of the P-wave spectra are used. Smith et al.
(1974) and Gibbowicz and Chichowicz (1974) used S-
wave spectra as did McGarr et a1. (1981).

Hanks and Thatcher (1972) report the following
relations between QO(P) and {20(5), determined from P-
and S—wave spectra, respectively:
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Gibbowicz and Chichowicz (1977) used a model of
Madariaga (1976) to compute source dimensions. The
dimensions derived from Madariaga’s model are greater
by about a factor of 2 than those calculated from
Brune’s model. Stress drops for Madariaga’s model are
one order of magnitude higher than those found with
Brune’s model due to the cube of the source dimension
in the denominator of Eq. (11).

The data from different source regions form clusters
in the £20 —f0 plot.

The cluster of data points from Polish coal mines is
nearly parallel to lines of contant stress drop between
0.01 and 0.1 bars. An increase in [20 and MO is strongly
connected with a decrease in the corner frequency as
would be expected for an increase in source dimension.
A significant increase of stress drop with an increase of
[20 is not seen.

A similar result can be derived from data of tremors
in the deep level gold mine in South Africa. The stress
drops are generally in the range of 1 to 10bars. A
stress drop of nearly 100 bars reported by McGarr
et al. (1981) is an exception. Again an increase of Q0 and
M 0 respectively is caused by an enlarged source dimen-
Sion.

Data from the Sunnyside coal mine in Utah (Smith
et a1. 1974) show a very small variation of the corner
frequency, and source dimension. An increase of Q0,
M0 is mainly caused by a larger stress drop. This has
already been pointed out by Smith et a1. (1974) in
comparison with the relations between stress drop and
seismic moment of these mine tremors and earthquake
data from Wyss (1970) and Douglas and Ryall (1972).

Smith found higher stress drops and smaller source
areas for the tremors in the Sunnyside district than for
earthquakes of comparable seismic moment in Central
Nevada. A possible reason for this is the higher re-
gional stress in the Sunnyside district. The hypocenters
of the tremors in the Sunnyside district are below the
level of mine works (about 1km) in contrast to other
regions. Smith assumes that redistribution of stresses by
unloading of coal induces submine earthquakes in re—
sponse to the regional stress.

The tremors from the eastern part of the Ruhr-
district cover only a small range of Q0, M 0- This may
be one reason why no clear relation between seismic
energy and source dimension was found (see Fig. 6).
The cluster in Fig. 9 of type I events indicates a strong
dependence of seismic moment on changes in stress
drop, while there is only a very small variation in the
corner frequency.

Summary

Far field spectra of mine tremors from the eastern part
of the Ruhr-district appear to be very similar to earth-
quakes. The displacement spectra of P-pulses have gen—
erally a well defined low-frequency level and a decay of
spectral amplitude beyond the corner frequency.

An average high-frequency asymptote proportional
to f ‘3 is derived from the data. Following Savage
(1972) this can indicate a far field displacement which
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increases quadratically with time. In spite of the decay
proportional for f ‘3 the Brune model, which yields a
decay according to f ‘2, has been chosen to derive
physical parameters of the source for comparison with
other studies.

Source dimensions of the tremors are in the range
of 90—120 m, which is a realistic figure for the Ruhr-
district. The length of the mine face decisively deter-
mines the dimension in which the local stress field is
modified by mine works. The length of mine face which
coincides with most of the epicenters (see Fig. 1), is
actually 220m.

The agreement of the data with the energy-magni-
tude relation given by Gutenberg und Richter (1956)
also indicates some similarity between mine tremors
and earthquakes.

The data of source dimension, stress drop, and seis—
mic moment agree well with those found by Gibbowicz
and Chichowicz, McGarr, Spottiswoode and McGarr,
and Smith for other source regions. In some regions the
seismic moment of an event is mainly determined by
source size (for example in Polish coal mines and in the
deep level mine in South Africa). In the Sunnyside
district (Utah) and the eastern part of the Ruhr-district,
stress drop is the dominating parameter.
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Abstract. FRM g-factor measurements were performed on
LUNA 20 soil samples at microwave frequencies 9—87 GHz
at room temperature. A frequency independent value g:
2.0815-_1-0.0035 was obtained by the experiments at higher
frequencies (50—87 GHz). g-values obtained at lower fre-
quencies indicate an incomplete magnetic saturation of the
ferromagnetic component of the soil at external magnetic
field intensities lower than approx. 1.5 T.
Key words: Ferromagnetic resonance measurements —
LUNA 20 soil — g-factor frequency dependence

Introduction

In recent years several ferromagnetic resonance (FMR) in—
vestigations have been performed on samples of lunar
matter and fine grained, spherical particles of iron (with
diameters smaller than approx. 30 nm) have been found
to be predominantly responsible for the FMR absorption
effect (see Morris 1978; Goldberg et al. 1979; Pillinger
1979, and references quoted therein). In most of these
studies the main attention was directed to the problem of
the FMR absorption intensity, this quantity being closely
connected with the concentration of iron metal and with
the surface exposure (maturity) of the lunar material
(Morris 1976; Housley et al. 1976). Little interest has been
given to the evaluation and discussion of other parameters
determined by the FMR method, e.g. there exists a consid-
erable lack of precise g-factor data (with an accuracy better
than 0.5%) for various lunar materials.

The FMR spectroscopic splitting factor (g-factor) is a
measure of the ratio of the orbital and spin contributions
to the ferromagnetic moment of the substance and its value
lies in the case of the transition (3d) ferromagnetic metals
and alloys in the range 2.0—2.5 (Kittel 1949; Chicazumi
1964). The g-factor data are derived from FMR experi-
ments (Bhagat 1973), by means of the Kittel’s equation
(Kittel 1948) in the form

V=V’(He+5H)- (1)
This formula is valid for the case of a spherical, fully homo—
geneously magnetized specimen, where the static magnetiza-
tion vector is aligned along the direction of the external

Reprint requests to. Z. Frait

static magnetic field intensity He; the diameter of the
sample is assumed smaller than the penetration depth of
the electromagnetic radiation into the material (in order
to avoid the influence of the exchange — conductivity effects,
Ament and Rado 1955, on the resonance condition (1)).
v denotes the microwave frequency, y’ the relative spectros-
copic splitting ratio, y’zg/JB/h, „B the Bohr magneton, h
the Planck’s constant. 5H is the field shift caused by relaxa—
tion damping and surface pinning effects, and by the mag-
netocrystalline and magnetostriction effects, and is usually
evaluated theoretically (Macdonald 1951; Frait and Mac-
Faden 1965; Frait and Gemperle 1971). SI units are used
in this paper, the intensity of the magnetic field being given
in Tesla (Crangle 1977).

For pure iron the g-factor has been established as g:
2.088 i 0.008 (Frait and Gemperle 1971 ; Frait 1977). Alloy-
ing pure iron with nickel, for example, increases the g-value
(Meyer and Asch 1961 ; Bauer and Wigen 1972), combining
with silicon decreases it (Frait and Fraitova 1977; Griscom
et al. 1979). Therefore, by performing precise FMR g-factor
measurements one should obtain additional information
about the material, which is the main carrier of ferromag-
netism in the lunar materials. The aim of this paper is to
present the results of such measurements on soil samples
obtained by means of the automatic station LUNA 20.
Special attention is given to fulfilling the validity of the
assumptions under which Equation (1) was theoretically
evaluated, especially the requirement for complete and ho-
mogeneous magnetization of the ferromagnetic component
in the regolith. A field/frequency extrapolation method
(Frait and MacFaden 1965; Frait and Gemperle 1971) was
used for the determination of the g-factor value.

Conditions for Homogeneous Magnetization

The fine—grained iron metal which is present in the soil
is formed by a process of reduction of the iron containing
compounds (ferrous oxides and silicates) due to the local
impact of solar wind particles and micrometeorites on the
lunar surface. The bombardment process further causes the
remelting of soil particles and the aggregation of iron atoms
into minute single crystalline spheres (Housley et al. 1976;
Morris 1978; Pillinger 1979). The diameters of spherical
particles, which are homogeneously magnetized (where the
corresponding FMR measurements can be evaluated by

0340-062X/82/0051/0113/80120
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means of Eq. (1)) are given for the interval 4—30 nm at
a magnetic field intensity of 0.3 T (X-band FMR measure-
ments at 9 GHZ, Housley et al. 1976). The lower limit of
this range, established as the diameter at which the transi—
tion from a superparamagnetic to ferromagnetic state
occurs, can be computed more accurately as 1.8 nm (at
0.33 T), according to Chicazumi 1964) or as nearly zero
(at 0.33 T, according to Stephenson 1971 a, taking coercive
force lower than 0.66 T). Magnetic and transition electron
microscopy investigations of lunar soils (e.g. Stephenson
1971b; Housley et al. 1973; Friebele et al. 1974; Pillinger
et al. 1975) reveal that most of the iron particles are spheri-
cal with diameters less than 12 nm.

At this point we would like to point out that, in reality,
the individual particles of ferromagnetic metal in the soil
are most probably far from the state of perfect single crys-
tals, because the reduction and remelting of the metal by
bombardment is a highly nonequilibrium process and the
cooling rate of metal particles and of their surrounding
material after remelting is very high (a type of quenching
process occurs, especially at sites situated in the solar shad-
ow). Therefore the following factors should be considered
in the process of evaluation of more accurate g-factor data
from of the FMR measurements:

1. Due to nonequilibrium conditions during the growth
of the iron particles, single crystals will have been formed
containing many defects of crystallographic structure both
inside and at the surface of the ferromagnetic particles,
mainly because of the existence of the oc-y phase transition
in iron (at 1,180 K in thermal equilibrium conditions) and
local demagnetizing (stray) fields will occur at such defects
(their maximum value for pure iron equals the saturation
polarization value J= 2.1 T). Further, the resulting magne-
tocrystalline energy of the particle will be lowered (com-
pared to the case of an ideal single crystal) because of the
misalignment of the crystallographic directions (mosaic
structure) inside the particle. Moreover, Pillinger and Eglin-
ton (1977) and Pillinger et al. (1978) have shown that the
presence of the iron metal in the regolith is associated with
quantities of carbon (up to 0.2 wt% of Fe metal). As the
solubility of carbon in iron metal is very low (from
200 ppm, Bozorth, 1951, to 20 ppm, Merta, 1981) the excess
carbon will be contained in (or at the surface of) the iron
particles in the form of clusters and precipitates (Merta,
1981) and will be a source of further magnetic inhomogenei-
ties.

2. The iron particles are embedded inside individual
grains of soil, mostly in glassy agglutinates (Agrell et al.
1970; Housley et al. 1973; Pillinger et al. 1975). As the
thermal expansion coefficients of iron and of the surround-
ing material are different, stresses will arise inside (and at
the surface of) the iron particles during their formation
introducing effective magnetostrictive fields (Macdonald,
1951). The absolute magnitude of these fields can be esti-
mated from FMR measurement of iron thin films, which
have been evaporated in a vacuum on glass substrates (Frait
1962), as 0.1 T (maximum). Internal effective fields of the
same order of magnitude have also been found at the border
between iron single crystal and iron oxide by Frait et al.
(1975)

The above mentioned effects will cause inhomogeneous
magnetization or the presence of multidomain structure
(Kronmiiller 1977) inside the ferromagnetic sphere, even
in the case of diameters smaller then the limit computed
for the ideal crystals (i.e. smaller than approx. 30 nm at

0.3 T, Frei et al. 1957; Housley et al. 1976), or at external
magnetic field intensities higher than the ideal demagnetiz-
ing field value (Hd) for an iron sphere (i.e. Hdi0.72 T).
In such cases the application of the Kittel’s formula for
the evaluation of the g—factor at lower frequencies will be
not fully substantiated and may lead to inaccurate results.
The defects will also cause deviations in the shift and form
of the FMR absorption line compared with the case of
a set of many randomly oriented crystals with perfect crys-
talline structure. As the magnetization inhomogeneities are
functions of the external static field intensity, a fictitious
frequency dependence of the g-factor values should be ob-
served in the case of FMR measurements at low field inten-
sities. Most of the FMR studies on lunar regoliths were
performed at X—band (approx. 9 GHz, Heé0.3 T) and only
a few resonance field data exist at higher frequencies
(35 GHZ, Tsay et al. 1971, Apollo 11; Goldberg et al.1979,
Apollo 16). By using these values we may find an indica—
tion of a g-factor decrease at higher frequencies by apply-
ing the analysis of FMR data in polycrystalline samples
(Standley and Stevens, 1965). In simulated lunar materials
the effects of an incomplete magnetic saturation (presence
of the magnetic domain structure) were clearly shown by
Griscom et al. (1975), Griscom (1980) and Friebele et al.
(1977).

In order to establish a fully homogeneous magnetization
of the ferromagnetic particles in the soil, and in order to
obtain precise parameters (e.g. g—factor) from the FMR
data, the resonance measurements should be performed
with external static magnetic field intensities as high as pos-
sible. This means that the microwave frequency of the mea-
surement should be in the range of mm wavelengths. The
results of such measurements are presented in this paper.

Before going further, let us note that some authors (e.g.
Goldberg et al. 1979) conclude that at high microwave fre-
quencies the decrease of the penetration depth of electro—
magnetic radiation into the ferromagnetic metal (skin
depth) negates some of the advantages of measurements
at high magnetic field intensities. However, direct computa-
tion of the skin depth values for the case of plane semi-
infinite ferromagnetic space, based on the macroscopic
FMR theory (e.g. in the form presented by Ament and
Rado 1955) shows that the frequency dependence of skin
depth in the FMR region, 5R, is less pronounced than for
the case of normal skin depth far from the resonance ô,
and that at the frequency of 80 GHZ öR amounts to about
45 nm for pure iron. As quoted previously, most of the
ferromagnetic particles have diameters much less than that
value, therefore the penetration of electromagnetic waves
is fully sufficient up to 100 GHZ.

Experimental Method, Results of Measurements
The FMR measurements were performed using a micro-
wave spectrometer, built by one of us (Z.F.), which works
in the frequency region 8—100 GHZ and at static magnetic
field intensities up to 3.1 T. Several waveguide sets were
used in order to cover the frequency range, low power
(10—50 mW) klystrons and backward-wave oscillators were
used to generate the microwave radiation. The frequency
was measured by means of a heterodyne microwave counter
with an accuracy of 0.2 ppm, the short time stability (1 min)
of the microwave generators was better than 5 ppm. The
static magnetic field was generated by an 15” electromag-
net (Varian), equipped with a digital stabilizer (Varian),
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the pole pieces were tapered to a final diameter of 70 mm
and a gap of 25.4 mm. The long time (1 h) stability of the
field ammounted to 1 ppm, the absolute calibration of its
intensity was performed by a nuclear magnetic resonance
magnetometer (marginal-oscillator type with probes of H2O
and D20 solutions doped by paramagnetic ions, Frait et al.
1973) and by using precise electron paramagnetic resonance
g-factor standards (Frait and Gemperle 1977) with an accu-
racy better than 10 ppm. The soil samples were placed in
thin walled quartz capillaries with an inner diameter of
0.7 mm; the capillaries were mounted in a shorted wave-
guide section (no microwave cavities were used) at the loca-
tion of maxmimum microwave magnetic field intensity. The
static magnetic field was modulated by an auxiliary a.c.
field of a low intensity (115 kHz, 0.02 mT), the microwave
radiation reflected from the sample holder was decoupled
by means of a directional junction. Low noise silicon diodes
were used as detectors, the ac. output voltage at the diode
was amplified by a narrow—band low-noise preamplifier and
by a lock-in detector; the FMR signal at the lock-in detec-
tor output was proportional to the field derivative of the
microwave magnetic absorption of the measured material
and its dependence on the external static field intensity was
plotted on an X—Y recorder (Poole 1967).

The soil material was collected by the automatic station
LUNA 20 at a typical highland region on the Moon (lati-
tude 3032’N, longitude 56°33’E) near the crater Appolonius
C between Mare Fecunditatis and Mare Crisium. For a
complete description see Vinogradov (1973), Pillinger and
Gowar (1977), Stephenson et al. (1977).

The FMR measurements were performed on five
samples of various masses (0.8 to 1.9 mg), at room tempera-
ture and at several microwave frequencies in the range
9—87 GHz. A fine-grained fraction (<50 um) of the soil
was studied, separated by a dry sieving method. The reso-
nance static field intensities (He) and microwave frequency
values (v) measured in the individual experiments are shown
in Table 1. The resonance line width values were determined
as field differences between the inflection points of the line,
they ammounted to 75 i 5 mT (at 35 GHz) and to
80 i 5 mT (at 86 GHz), respectively.

Evaluation of Measurements; Discussion of Results

Having at our disposal the exact values of resonance fields
and frequencies, the g-factor data can be evaluated by
means of Equation (1). For this procedure the values of
the resonance field correction 6H have to be known. We
have already quoted the mechanisms causing the resonance
field shift and we have to compute (or in the worst case
to estimate) their contributions to 6H. For iron, the shift
due to the intrinsic damping mechanism and to the intrinsic
surface pinning is very small (of the order of 10 ppm) be-
cause of the small values of Landau—Lifshitz damping con-
stant and intrinsic surface anisotropy of the Néel type (Frait
and Fraitova 1980). The influence of exchange surface
pinning caused by the surface coating of iron particles with
iron oxide is also negligible, because at room temperature
the FeO is above the Néel point (Meiklejohn 1958). As
far as magnetostriction effects are concerned we shall
assume that, in the case of many randomly oriented ferro-
magnetic particles in a nonferromagnetic matrix, the inten-
sities and the directions of the effective magnetostrictive
fields are also distributed randomly and their total contribu-
tion to the field correction is zero; they will cause only
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Table 1. Sets of the results of measurements performed on five
samples at various frequencies. Each set consists of three numbers,
representing the frequency of measurements (in GHz), the intenzity
of external field at resonance (in T) and the g-factor value, respec-
tively.

Sample 1 2 3 4 5

Frequency Frequency/Resonance field/g—factor
range v(GHz)/He (T)/g
(GHz)

9 9.2099 9.2099 9.2101 9.2101 9.2101
0.3167 0.3159 0.3168 0.3165 0.3164
2.1296 2.1351 2.1303 2.1324 2.1331

28 28.7730 28.7730 28.7732 28.7731 28.7731
0.9910 0.9895 0.9911 0.9905 0.9903
2.0911 2.0943 2.0909 2.9222 2.9264

36 36.5080 36.5081 36.5081 36.5080 36.5080
1.2580 1.2580 1.2570 1.2590 1.2600
2.0866 2.0866 2.0865 2.0862 2.0833

46 46.5814 46.5814 46.5814 46.5810
1.6020 1.6025 1.6030 1.6036
2.0878 2.0876 2.0865 2.0858

50 50.6702 50.6701 50.6700 50.6711
1.7460 1.7465 1.7455 1.7450
2.0817 2.0820 2.0835 2.0842

60 59.5900 59.6072
2.0545 2.0535
2.0803 2.0820

70 69.5673 69.5673 70.0409 70.0388 70.0386
2.3980 2.3982 2.4120 2.4130 2.4123
2.0796 2.0795 2.0816 2.0807 2.0813

80 79.8173 79.8172 79.8173 79.8174
2.7450 2.7480 2.7475 2.7480
2.0832 2.0813 2.0817 2.0813

85 85.7369 85.7367 85.7365
2.9494 2.9504 2.9512
2.0825 2.0818 2.0811

87 86.8170 86.8171 86.8171 86.8171
2.9905 2.9892 2.9890 2.9880
2.0797 2.0806 2.0808 2.0815

a certain FMR line broadening. However, the influence
of the magnetocrystalline anisotropy energy is large in the
case of iron: the effective anisotropy field Ha: 2 K1 /M am-
mounts to 57.9 mT (Frait and Gemperle 1971), K1 denotes
the first order magnetocrystalline anisotropy constant, M
the saturation magnetization. Several authors formulated
theoretically the influence of the magnetocrystalline an-
isotropy for the set of randomly oriented single crystalline
particles (e.g. Schloemann 1959; 1969; Tsay et al. 1971;
Griscom 1981). In our case we shall use the formulas for
the field shift caused by the magnetocrystalline anisotropy,
ôHa, computed by Standley and Stevens (1965); they intro-
duce 6H0 as a function of the resonance line width, of
the magnetization and of the magnetocrystalline energy,
all quantities related to the individual particle. This relation
can be written in the form

öHaz—k’(2K1/M):—k’Ha, (2)
where k’ is a complicated function of the line width (and
therefore also of the frequency), k’ values range from zero
(infinite single particle line width) to 0.25 (zero line width).

In the second section of this paper we have presented
several arguments supporting the hypothesis that the crystal
structure of the individual iron particles in the soil is far
from ideal and contains a large number of defects. This
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conclusion is further substantiated by the fact that the de—
rivative resonance line shape of the soil does not show fine
structure (at any frequency) as should occur in the case
of a set of nearly ideal single crystalline particles. For iron
the inflection line width of an unperturbed single crystal,
caused by intrinsic relaxation processes, amounts to only
0.62 mT (6 mT) at 9 GHz (86 GHz), respectively (Frait and
Fraitova 1980), therefore fine structure should be resolved
in the field derivative of the FMR absorption curve of a
large set of such crystals. Indeed, in some cases of artificially
prepared fine grained iron precipitates in glass (simulated
lunar samples) Griscom et a1. (1979) and Griscom (1980)
observed a resolved fine structure in the FMR absorption
derivative spectra, in good agreement with the theory of
FMR line shapes (assuming a narrow line width of 1.7 mT
for the individual particles). In contrast to the case of simu-
lated specimens our FMR lines are in a good agreement
with simple line shapes computed e.g. by Goldberg et al.
(1979), where a much larger individual particle line width
(33 mT) has been assumed (both at 9 and 35 GHz).

The discussion in the preceding paragraph will help us
with the evaluation of the k’ values needed in Equation
(2). It is difficult to compute the individual particle line
width theoretically, because the inhomogeneously broa—
dened FMR line (by crystal structure and surface defects,
stresses, inclusions of carbon, etc.) will be narrowed by the
dipolar or exchange coupling of the individual atomic mag—
netic moments inside the particle (Geschwind and Clogston
1957; Seiden 1965; Schloemann 1969). Therefore, we shall
estimate the lower limit of the single particle line width
as about a third of the value assumed by Goldberg et al.
(1979), i.e. 11 mT; even such a narrow line width will lead
to complete smearing of the fine structure of the FMR
line shape of the total soil sample. The upper limit of the
single particle line width values will be estimated as the
line width contribution caused by the defects for the case
of highly oxidized iron single crystals, which amounts to
67 mT (at 70 GHz, Frait et al. 1975). We shall evaluate
our measurements by choosing a mean value for the single
particle line width as 22 mT (at 70 GHz), this yields k’=
0.182 at 9 GHz and k’=0:170 at 86 GHz.

Finally, we need the effective anisotropy field (H) value
of the individual ferromagnetic particle to complete the
evaluation of Equation (2). In our model the anisotropy
energy of magnetocrystalline origin related to the volume
of the single particle with large defects will be lowered (rela-
tive to the case of a perfect crystal). The mean value of
Ha can then be estimated by taking into account the fact
that the ferromagnetic particles are randomly oriented and
form a set of magnetically non-interacting objects (no an-
isotropy was ever observed in FMR lunar soil measure-
ments and TEM observations show no effect of particle
clustering, e.g. Housley et al. 1973; Pillinger et al. 1975).
In such a case the inflection line width for the total set
of particles amounts to (5/3)Ha (e.g. Griscom 1981). By
using this relation and by considering the mean line width
value of 78 mT (measured on our samples at 70 GHZ) we
obtain Ha as 44 mT, and finally the 6Ha values —8.2 mT
(at 9 GHz) and —7.5 mT (at 86 GHz), respectively. These
ô H values represent 2.6% of the resonance field quantity
at 9 GHz and 0.25% at 86 GHz.

The g-factor values for each individual FMR measure-
ment were computed using of these corrections, and these
are shown in Table1 and plotted in Fig. 1 as dependent
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Fig. l. The frequency/magnetic field dependence of the g—factor
measured on five samples of LUNA 20 soil (see also Table 1),
data from other authors’ measurements are marked by arrows (see
text for details)

on the microwave frequency and external resonance field
intensity. The accuracy of these g-Values is given mainly
by the following factors. The precision of the resonance
field determination amounts to about il mT (because of
the relative large line width of the regolith samples of about
70 mT). However, the highest inaccuracy is given by the
uncertainties in the evaluation of the mean single particle
line width and effective anisotropy (needed for the 6H com-
putation). Taking into account the limits of single particle
line widths discussed previously, and by assuming the accu-
racy of effective anisotropy field determination (computed
from the regolith total line width value) as i100/o, ÖHa
is given with an uncertainty of i4 mT. By summing up
these two contributions we obtain the accuracy of reso-
nance magnetic field as i 5 mT, which results in a precision
of the g-factor determination of i 1.4% (i0.029) for our
measurements at 9 GHz and i0.17% (i0.0035) at
86 GHZ.

By observing Table 1 and Fig. 1 we may conclude first,
that there exists a marked frequency dependence of the
g-factor values at lower frequencies, however, at frequencies
higher than approx. 50 GHZ (resonance fields higher than
1.7 T) the g—value is constant within the uncertainty limits
quoted above. The character of this dependence is in good
agreement with the assumptions of the model proposed
above, where at low magnetic fields the ferromagnetic com-
ponent of the soil is not completely saturated. As shown
by Griscom et al. (1975), Friebele et al. (1977), and Griscom
(1980), in the resonance experiments on fine grained iron
precipitates in a glass matrix, the presence of a domain
structure in the individual particles shifts the resonance field
to lower values (compared to a fully saturated material),
i.e. g-values evaluated at low fields are higher than the real
ones.

As far as the absolute quantities are concerned, the g-
factor value measured at 9 GHz, g=2.132i0.029, de-
creases to a constant mean value g=2.0815 (taking into
account all measurements performed above 50 GHZ on all
samples), the standard deviation of this average
1.194 >< 10‘3; we estimate the absolute precision as
i0.0035 (i.e. the accuracy of individual measurements is
taken as a safety margin). No other FMR data are available
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for LUNA 20 soil, one can find in the literature only some
FMR spectra (i.e. the magnetic field dependence of the ab—
sorption or its derivative) of Apollo (A) missions’ soil
samples, at 9 GHz (A11: Weeks et al. 1970; Tsay et al.
1971; A14: Weeks 1972; A16 and A17: Weeks and Prestel
1974; Tsay et al. 1973; Tsay and Live 1974) and at 35 GHz
(A11: Tsay et al., 1971; A16: Goldberg et al. 1979) only,
by means of which we can evaluate with reasonable accura—
cy (i001) the g-factor values by the same procedure as
for our samples. These quantities are also plotted in Fig-
ure 1, and we may observe a fair agreement with our LUNA
20 values. Only Tsay et al. (1971) quote g-values
(2.08i0.03 at 9 and 36 GHz) for All soil samples evalu-
ated by assuming the random distribution of single crystal-
line particles, however, to compare them with our data is
difficult because of their low accuracy. For the case of high-
er frequencies (above 36 GHz) we have found in the current
literature no FMR measurements performed on any lunar
material.

Our value, g=2.0815 lies within the uncertainty limits
of the g-value for pure iron (g=2.088i0.008, Frait and
Gemperle 1971; Frait 1977), this supports the conclusion
of many other authors (obtained by observing other physi-
cal properties of lunar regoliths, see above), that the fine
grained ferromagnetic component of soils is predominanty
iron metal. Further, the fact that our value is situated near
the lower limit of the uncertainty interval for iron, points
to a certain amount of alloying by some other substance.
The most probable candidate for the alloying is silicon
which, as SiOZ, is far the most abundant material at the
lunar surface. It has been established by several authors
that the addition of silicon to iron lowers the g—factor value
(Frait and Fraitova 1977; Griscom et al. 1979), the most
accurate value is given in recent measurements (Pfist and
Frait 1981) as g=2.078i0.001 for a crystal of 3.16 wt%
of Si in iron. This data suggest that the fine-grained iron
in the LUNA 20 regolith may contain up to 1% of Si.
It is difficult to prove this by some other measurements
(e.g. such an amount of silicon lowers the Curie point by
only 8 K, Bozorth 1951), but a high resolution Mossbauer
experiment might substantiate this hypothesis. The addition
of several per cent of nickel, as mentioned by some authors
(Tsay et al. 1973; Friebele et al. 1974) is less probable, in
our opinion, because the addition of nickel to iron shifts
the g-factor towards higher values (Meyer and Asch 1961;
Bauer and Wigen 1972) and because the abundance of
nickel in lunar regoliths is much smaller than that of silicon.

Conclusions

The frequency dependence of the FMR g-factor has been
established for several samples of LUNA 20 soil by reso-
nance measurements in the interval 9—86 GHz, in magnetic
fields up to 3.1 T, at room temperature. A decrease from
g=2.13 at 9 GHz to a constant (frequency independent)
quantity, g:2.0815i0.0035, was observed at higher fre—
quencies (50—87 GHz). Our data obtained at higher fre-
quencies lie within the uncertainty limit of the g—factor for
pure iron, and suggest a small amount (1%) of silicon alloy-
ing. The character of the g-factor frequency dependence
at lower frequencies indicates that the fine grained iron
particles observed by FMR are not completely magneti-
cally saturated at external field intensities lower than about
1.5 T and that FMR measurements performed at high mi-
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crowave frequencies are needed for reliable g-factor deter-
mination. The incomplete saturation effect is explained by
means of a model, where the crystalline structure of individ-
ual ferromagnetic particles is disturbed by structural (sur-
face and volume) defects and nonferromagnetic inclusions.
The defects cause a decrease of the total anisotropy energy
of the particle and give rise to additonal effective demagne-
tizing fields and to an inhomogeneous distribution of the
magnetization vector (a domain structure) inside the parti-
cle, even at external field intensities higher than theoretical-
ly needed for full saturation.
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Abstract. Measurements of magnetic and electric field
variations in the frequency range 0.3—3 Hz were made
on a payload flown as part of the IMS sounding rocket
campaign “Substormphenomena”. The downward dir-
ected Poynting flux of the waves had nearly the same
magnitude as the energy flux of the simultaneously
observed precipitating electrons. Both phenomena were
spatially confined to relatively thin layers. Model com-
putations based on quasi-linear theory taking into ac—
count the modification of the electron beam due to the
energy transfer exhibit a reasonable agreement with the
observed characteristics of the precipitating electron
beam, such as speed and temperature, as well as the
frequency range and amplitudes of the waves. They
support the assumption that the waves were amplified
by resonant interaction with the electron beam.

Key words: ULF-waves -— Particle precipitation —
Wave-particle interaction — Cerencov instability

Introduction

Observations of magnetic field fluctuations with ampli—
tudes of more than 100 nT in the ULF regime obtained
by means of a rocket-borne magnetometer were first
published by Klöcker and Theile (1979). During the
same flight of payload F3A as part of the German IMS
sounding rocket campaign “Substormphenomena”
magnetic ULF-waves were also observed at an earlier
time. Simultaneous measurements of the electric field
variations and spectra of precipitating particles provide
a data set of reasonable completeness. They allow a
comparison with results of model computations of
wave-particle interaction in the magnetosphere.

Large amplitude fluctuations with periods 0.2—4s
were detected in the electric field on different rocket
flights together with an increase in the precipitating
electron flux (Mozer and Fahleson, 1970; Kintner and
Cahill, 1978; Petelski et al., 1978). The oscillations were
usually confined to regions of small spatial extent. Kint-
ner and Cahill as well as Petelski et a1. identified them
as magneto-hydrodynamic waves propagating along the
geomagnetic field.

In the equatorial plane near the geostationary orbit
the ULF—waves are a more or less common phenome-
non. Perraut et a1. (1978) and the 8-300 Experimentors

(1979) describe frequently occuring magnetic field va-
riations with amplitudes of 0.3—1nT with long du—
ration. On the ground Pi/Pcl pulsations are observed
in conjunction with magnetospheric substorms (Kangas
etal., 1979).

In this paper an attempt is made to match the
observed parameters with model calculations. These are
based on the quasi linear theory and on the assumption
of resonant interaction between precipitating electrons
and Alfvén waves within a thin field—aligned sheet.

Observations

A description of the three—component fluxgate magne-
tometer was published by Klöcker and Theile (1979).
The instrumentation of the payload as well as the
geophysical conditions during launch on October 13,
1977, at 21 :26:00 UT are described in detail by Wil-
helm et a1. (1981). The two successive ULF events un-
der discussion here occurred at about 21 :30 UT when
the payload reached the northern boundary of the
auroral activity at a height of about 400 km. They
coincide with observations of field—aligned current
sheets as indicated in Figs. 1 and 2. The lower curves
show the three magnetic field components in a coor-
dinate system which is fixed to the earth’s magnetic
field, i.e. BZ is parallel to the undisturbed field BE, Bx
points to magnetic north and By completes the right-
handed coordinate system pointing towards magnetic
east. The field data were transferred from the gyrating
payload system into this coordinate system by unitary
transformations after the misaligned sensor system had
been corrected into an orthogonal, normalized, and
spin oriented coordinate system. This operation was
complicated by the rather unstable payload rotation.
Because of energy dissipation in the long flexible
booms, the nutation angle increased so rapidly that an
activation of the attitude control system was necessary
about every 60s. The data gap between 216s—224s
after launch is due to this. The coherently occuring
transient oscillations in Bx and By with the nutation
frequency of 0.3 Hz are also a consequence of the high
variability of the attitude parameters. As the fit of these
parameters by time functions of limited order cannot
be an ideal one within a relative error of 1 ><10‘4, the
small deviations produce apparent wave fields. To elim-
inate a trend in B2 a reference field for BE was sub-
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Fig.1. Comparison between electron flux data and magnetic
field observations made aboard payload T/NL3A during the
time interval 192—220s elapsed time. The apparent, smooth
wave forms occuring coherently in the Bx and B, components
result from residual nutation contributions to the total mag-
netic field. The coordinate system is fixed to the earth’s mag-
netic field. Regions marked + and — are characterized by
downward- and upward-directed currents, respectively (from
Wilhelm et al., 1981)

stracted from the transformed z-component. Figure3
shows the flight pass of the payload relative to the
field-aligned current sheets.

Both events are characterized by very similar signa-
tures in the By-component, i.e. a constant increase and
subsequent decrease, indicating oppositely directed cur-
rent sheets. This interpretation is supported by the low
energy electron measurements also presented in Figs. l
and 2. (For a more detailed description see Wilhelm
et al., 1981.) The fluctuations we are concerned with
appeared in both cases confined to the northern up-
ward-directed current sheets. They are shown again in
Figs. 4 and 5 with an extended time scale and sup—
pressed long period variations. The high-pass filter used
has a cut-off frequency of 0.25 Hz.

The wave vector is purely transverse to the un-
disturbed magnetic field, since BZ exhibits no va-
riations. Therefore it seems appropriate to separate the
wave vector into its circular-polarized parts and com-
pare the subsequent Fourier-analyzed magnetic data
with the electric field data treated in the same manner
in order to identify the observed wave mode. Figures 6
and 7 show the frequency spectra of E and B for the
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Fig. 2. High time resolution electron flux measurements com-
pared to magnetic field observations as in Fig. 1 for 230—260s
elapsed time (from Wilhelm et al., 1981)
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Fig.3. Schematic picture of the flight path of the payload
relative to the current sheets. The payload had a horizontal
velocity of 860m/s and a vertical velocity ranging from
1,800 m/s at 350 km height down to 1,200 m/s at 450 km. The
horizontal direction of motion was 20°W of geographic
north. The beginning of the horizontal scale is arbitrarily
chosen

two events. In both figures the righthand and lefthand
polarized parts are drawn separately. The close agree-
ment of the spectra for at least the first event justifies
the interpretation of our observations in terms of
Alfvén waves. They were more or less linearly pola-
rized. This assumption is confirmed if we compare the
wave phase velocities derived from the observed wave
fields with the estimated Alfvén velocity vA
zBE/I/Iconm. The amplitude ratio Eoi/Boi (i=rh,lh)
lies between 1,000 and 1,500km/s. With the plasma
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Fig. 5. High-pass filtered magnetic field data of the second
event. At 2445 the payload entered the upward directed cur-
rent sheet
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density measured on board n=(1.5i0.1) 1010m‘3 we
get vAz2,000 km/s if O+-ions dominate and
vAzLSOO km/s for the case that the ion population
consists predominantly of NO+-ions.

Direction and amplitude of the wave field vectors
are plotted in Fig. 8 versus time after launch. During
time intervals of about 2s the phase difference between
E and B remains at nearly 90°, yielding a Poynting flux
SzEXB/uO in the direction of the precipitating elec-
trons. The energy fluxes carried by the electrons and
the Alfvén waves are of comparable magnitude. In the
first event they amount to 15- 10‘3J/mzs and
3 - 10—3 J/m2 s, respectively.

Consideration of the observed energy spectra of the
precipitating electrons completes this unique data set.
Figure 9 shows a sequence of energy spectra during the
first event. Outside the upward-directed current sheet
the spectrum can be approximated by a single power
law F(W)~W‘V, with the exponent y=2.3 (Wilhelm
et al., 1981). During the period with increased flux the
spectrum changes considerably. Superimposed on the
power law spectrum is an electron beam with a mean
velocity 12H=2.5 - 104 km/s corresponding to WH
21.8 keV and a thermal velocity vthe=3.5-103 km/s
corresponding to 35 eV. Taking into account the mea-
sured pitch angle distribution the beam distribution
function can be represented by an anisotropic Maxwel-
lian function:

2
UL _(uu —L‘n)2n

8 2Ut2hel 2Ut2hell (1)fee/(u): 3/2 Ë
(2 7t) vthe 1 Uthe ||

n is of the order of 1 106m‘3. The perpendiculare

thermal veloc1ty vthei 1s about tw1ce as large as Uthe II-
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the events described. The observations were made by two
instruments in different energy ranges with some overlap near
25 keyr (from Wilhelm eta1., 1981)

The Cerencov Instability
The remarkable spatial correlation between the elec-
tron beam and the ULF-waves in the two events, their
extreme similarity and their small Spatial extent, of the
order of a few km, suggest an interaction mechanism

between the beam and the waves such as was theoreti-
cally investigated by Fejer and Kan (1969). Starting
from the examination of the guided prOpagation of
Alfven waves along the external magnetic field (Fejer
and Lee, 1967) they derived the growth rate of Alfven
waves by ‘negative Landau damping’. The essential
attribute of guided Alfvén waves in a cold

plasma
is

their small spatial extent perpendicular to B , i.e. the
wave number ki exceeds k” considerably. As a con-
sequence the component of the electric wave field in
the direction of BE is not neglegible. If the amplitude
profile of the spatially confined waves perpendicular to
the propagation direction is approximated by a Gau-
ssian function with d as the l/e-width in x, assuming
no y—dependency, then according to Fejer and Lee
(1967) the width d is bounded by the inequality

4i<d<4“—A. (2)
m wpe

c is the speed of light, to the wave frequency, and hip, is
the electron plasma frequency. Under these conditions
most of the power is radiated into a beam along the
homogeneous ambient magnetic field, whose angular
width is considerably less than 0.1”. The in situ
measurements provide an upper and lower limit of
5,000 km and 250m, respectively. The observed values
for dm?) km in the first and about 5 km in the second
event are at least one order of magnitude inside the
limits and therefore satisfy the inequality quite well.

In the presence of guided Alfven waves with phase
velocities near the bulk velocity of the electron beam
(1) this distribution is unstable (Fejer and Kan, 1969).
The resonant growth rate k2], i.e. the imaginary part of
the complex wave number kzzs+ikfl parallel to BE,
is given by Fejer and Kan as

TC n’e kfi (04 S _zz

where ne, n; are the electron densities of the ambient
plasma and the beam, respectively (the primed values
denote the beam).

q BE (4)
ca

IT!“

Z
=_w—k'zRUz

m ,
i/Ekzavmeu

where q, is the elementary charge of the ion component
or and ma its mass. Under the condition that wm>wm
comàw, and inflame, S is one of the diagonal elements
0 the dielectric tensor of a cold plasma.

The sign of k,” determines the direction of the en-
ergy flow. If vz>vpm the phase velocity of the wave, km.
is negative, i.e. instability occurs. The exponent of (3)
together with the factor ng/v‘ 3 indicate the number ofthe
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Fig. 10. The growth rate k2, as a function of the bulk velocity
02 of the electron beam. The assumed parameters may be
typical for a magnetospheric plasma 3RE from the earth’s
centre

beam particles which are in resonance with the wave.
Therefore the growth rate increases with decreasing
beam temperature as is shown in Fig. 10. k2] is calcu-
lated as a function of 02, the mean beam velocity, in a
plasma which may be typical for the magnetosphere at
a distance of about 3Re (earth radii) from the earth’s
center, i.e. BE=2,OOO nT, ne=107 m‘3, ng/nezIO‘z.
These conditions provide an Alfvén velocity
vAz15‚000 km/s and a parallel wave number
sz7-10‘7 m—1 if co=10rad/s is assumed. kx may be
10’4m‘1 which is the upper limit for a wave packet
with a perpendicular extent of 40 km. With an appro—
priate k,c satisfying (2) and w<wca the growth rate is a
linear function of a). But only for frequencies less than
the ion cyclotron frequency can this wave mode propa-
gate. In the described plasma wcizZOO rad/s only under
the condition that protons are present. This value is
lowered considerably if e.g. He+-ions contribute to the
ion population.

If we consider the resonant interaction between the
electron beam and the waves as a realistic mechanism
for the amplification of the waves and further note the
large Poynting flux in relation to the energy flux of the
beam the question arises how the beam itself is affected
by the interaction. An answer can be given in terms of
quasi-linear kinetic theory. The following conside-
rations are based on a publication of Kennel and
Engelmann (1966). They derived the quasi-linear ve—
locity space diffusion equation for waves of any oscil—
lation branch propagating at an arbitrary angle to a
uniform external magnetic field. The space- and time-
averaged distribution function of the beam is assumed
to change slowly compared to a gyroperiod and to the
characteristic times of the wave motion. Kennel and
Engelmann’s theory is restricted to a collisionless, in-
finite, and spatially uniform plasma immersed in a sta—
tic magnetic field with no curvature, which can only be
a very rough model of the near earth magnetosphere.

The electric field vector of an Alfvén wave propa-
gating within a thin layer has the following com-
ponents (Fejer and Lee, 1967):

wze D
E*=%(1+c—â k2(S—P)> Ex

123

wz DE :l I"? E 5l 2(
C2

kî(S—P)) x ()

k k
Ez—

x
ZR2 Ex

k§+w§e
c

where E, and E, are the righthand and lefthand pola-
rized parts of the field in a plane perpendicular to the
external magnetic field. They are defined on the basis
erzex+iey and elzex—iey, respectively.

D, S, and P are the elements of the dielectric tensor
of a cold plasma. S is already defined in (4). The other
expressions are:

2—2
<1 œCŒ(wÎŒ —œ2)

2coma)

(4 a)
P

The local dependency of the electric wave field which is
confined to a comparably narrow tube of force can be
written in the form:

4x2

Ex(x, Z, t)=EOe_d—2ei("'z 2““) (6)

whose Fourier transform in a space-time element V
with the lengths Lx, Ly, and T is

Ex(kxa kya (U, Z)

=5Ex(x, Z, t)€—i(kxx+kyy—wt)dxdydt
V

mg.775 “î ik'z=EO—de e z

. L ‚ ‚ T
s1n

Î)
ky Sln

—2—
(a) — w’)

- 2 . 2 , . (7)
h w—w

Substituting these quantities into Kennel and
Engelmann’s Equation (2.24) in a convenient way, as
outlined in the Appendix, we obtain the spatial de-
rivative in the direction of Z of the beam distribution
function

Together with the linear approximation

ÖE25—}:—2k„Eä (9)
and the expression (3) for the growth rate we have a
complete set of coupled equations to estimate the en-
ergy transfer between the particle beam and the waves
and their mutual dependency along a magnetic field
line. The parameters of the wave propagation are still
governed by the cold stationary background plasma.

For a complete computation of the instability in
terms of (3), (8), and (9) we must know the frequency
spectrum of the waves and the energy spectrum of the
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beam at the point 220 where the beam starts. This in-
formation is not available. In case of the wave spec-
trum the payload could only observe waves with periods
shorter than the transit time through the upward—direc—
ted current sheet. In addition we observed the results of
the interaction and not the original conditions. There-
fore it seems appropriate to assume the beam distribu-
tion function as Maxwellian along the whole path cov-
ered and to examine the variation of the characterizing
parameters which are vZ and ”me II This is done in
determining the energy transfer, i..e the divergence of
the energy flux of the electrons or the waves.

Let v- We be the kinetic energy flux density of the
electron beam and S the Poynting flux. Then the en-
ergy balance condition has the form

V-(v-We)=-—l7-S
with

v We: 2me (uuzfe’z,t,ed3 (10)

S=lim ——13—V—( 1E"‘><Bdkxdk‚da). (11)
V—,oo(27'C)V ‚“0 y

Since v=(O, 0, DZ) we obtain for the beam:

5 00 0° a ’
ô—Z(UZ We): nme j juZul(uÎ+uZ2)lîdulduZ. (12)

—oo O ÖZ

This is a sum of two integrals. The first one vanishes,
since together with (8) the integrand is a pure de-
rivative with respect to uZ, and the distribution function
and all its derivatives tend to zero at infinity. This
indicates that the particle motion perpendicular to the
ambient magnetic field is not affected by the instability.

For a sufficient small growth rate the factor with kZ,
in (8) can be replaced by a delta function.

—uZ kzz
l'm = — ô —-k

hill—’0 (60— suz)2 +q( kzI)2

TC (0) ZR “2)

n a)=__5 (u _—).
s

Z
s

This approximation is equivalent to neglecting nonre—
sonant interaction which in first order is a linear func-
tion in kZ, (Kennel and Engelmann, 1966). The integral
(12) finally yields:

I
7t 60 n 60”Vim—217‘ (1T—zR UtheH ZR

for the energy transfer from the beam to the wave.
The gain of the Poynting flux in case of negative kZI

is described by the expression

as 2 |E|2
Ë: —lim ——— 1’21—

V—+00 vph(2 7:)3V ‚“0

we) e-Zäo (13)

dkx dk‚a)d

gollowing
from (11) and (9) with the approximation

ByNExph/v which implies that nearly all the wave en-
erygy is stored in the magnetic field. Except for the sign
the result coincides with (13). The integration follows
the same way as is outlined in the Appendix. The
complete expression has the form:

ÖSZ_ Eä n; (03 S 1
dz

—
‚“0 n dzs a) the Il

. (52—0,)efléo. (14)

Now we can return to our original aim of examining
the rate of change of vZ and vehe II due to the instability.
For this purpose we separate the kinetic energy of the
beam W into its energy of the center of mass motion
We1 andeits inner energy We2 with

VVez Wel + VVeZ

z—Z-n’ me(21)ehei+v;hzen+vZ2) (15)

and Wezzämeflumvÿfo’ed3
The divergence of the flux of the inner energy vWe2

can be derived in the same way as the divergence of the
total flux. The relation is

â a) k ô—(vZWe )=(———UZ) ZR (vZ W).Öz 2 kZR œôz

With this result it follows from (15) that

ô kZR
(3—2

(02 VVel)=Î vz
8——

(Uz VVe)

me ô l 3

*2— à;
ne Uz .

With respect to the continuity equation l7— (v . n’e)=0 or

fine _ n; ôvZ
dz

—
vZ ôz

we finally obtain the relation

ô k 1 ÖSUz : __ zR z
. (16)ôz a) me me vZ âz

Since, as has already been shown, the perpendicular
velocity component does not change during the in-
stability, it follows from (15) and (16) that

Üvihen=(_îo__v)
1 @112. (17)

Öz kZR Z Uçhell 82

Model Calculations

In contrast to the conditions limiting the theoretical
considerations, the near-earth magnetosphere is much
more complex and, more importantly, inhomogeneous.
An application of the theory outlined is therefore only
valid in narrow regions in which the magnetospheric
parameters can be approximated by constant values.
On the other hand the extent of these regions should
be at least of the order of the wave length. With this
contradiction in mind we must realize that the theoreti—
cal results can only give a rough picture of the actual
processes. Nevertheless this picture shows essential
characteristics which are in agreement with the obser-
vations.
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Fig. 12. The gain of the wave amplitude ABO due to the
wave-particle interaction along a flux tube with L27 at a
hight of 400 km as a function of the wave frequency

The calculations are based on a dipolar magnetos—
pheric model whose ionic constituents are H+, He+,
and 0+. Their assumed height distribution is shown in
Fig. 11. Since we are interested in the variation of the
bulk velocity and the thermal velocity parallel to the
external magnetic field caused by the instability the
effect of conservation of the first adiabatic invariant
must be taken into account. In a converging magnetic
field kinetic energy is transferred from the parallel mo-
tion into the perpendicular velocity component. The
mapping of an anisotropic Maxwellian distribution
along field lines was studied by Chiu and Schulz (1978).
Taking their equations the estimated variation of the
bulk velocity between the equator and the upper iono-
sphere along a field line with an equatorial distance of
7R8 is relatively small. v, is reduced from 2.0 ><1O7 m/s
to 1.9 x107m/s. In contrast, vthel changes by about a
factor of 10.

The following figures illustrate the dependency of
the coupling between particles and field on various
parameters, such as the frequency of the wave (Fig. 12),
the width of the beam parallel to the ambient magnetic
field (Fig. 13), and the bulk velocity of the beam
(Fig. 14). If the interaction were to take place in a
homogeneously magnetized plasma, Equation (14)
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Fig. l4. ABO as in Fig. 12 as a function of the bulk velocity of
the electron beam

would demand a linear increase of the Poynting flux
with frequency or an increase of the wave amplitude
with W. The curve in Fig. 12 shows this behaviour,
where ABO represents the gain of the wave amplitude
due to the interaction, computed at a height of 400 km.
v is limited to lower values than the ion cyclotron
frequencies.

The influence of the model magnetosphere on the
interaction along a flux tube is more evident in the
dependency of ABO on vçhen, as shown in Fig. 13. Since
the resonant velocity, i.e. the Alfvén velocity, passes
through a maximum along a magnetic field line, par-
ticles and fields can only exchange energy along a finite
length of path. But this length is a function of the
parallel beam temperature, because a beam with a
broad thermal velocity distribution covers a larger ve-
locity range. Therefore ABO does not behave as
zähen—L5, rather it begins to decrease as 0,;5'5 and
changes over to me”.

Figure 14 shows ABO, always at the height of
400 km, as a function of the bulk velocity 02 of the
beam. For 12, near to and less than the maximal wave
phase velocity the direction of the energy transfer turns
over. In this case the Alfvén wave is Landau damped.
This might be the reason for the fact that no waves
were observed outside of the electron beams. As is
shown in the last figure (Fig. 15), the amplitude of a
guided wave would rise to about 20 nT from a value of
1nT near the equatorial plane due to energy flux con-
servation alone. Since waves of this type and magni-
tude have often been observed on GEOS II their rare
occurrence at lower heights can be explained by Lan-
dau damping.
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vçhen, andp the amplitude of the wave field BO. v=1Hz. The
lower line of BO shows the increase of the amplitude due only
to energy flux conservation

Figure 15 also provides information about the lo-
cation in the model magnetosphere where the interac-
tion takes place. This is between 2 and 3Re, where vph
has its maximum, and the complex wave number kg]
reaches a value which is a factor of 10 or less smaller
than s.

Discussion and Conclusions

The set of observations presented here is the first rea-
sonably complete description of electromagnetic ULF-
waves in connection with auroral electron precipitation.
During two successive events we observed, at the height
of the ionospheric F-region, electromagnetic waves con-
fined to thin field-aligned current sheets. We interpret
these fluctuations in terms of Alfvén waves, since their
phase velocities were of the same order of magnitude as
the Alfvén velocity estimated theoretically. Secondly,
only Alfvén waves can show such large wave numbers
perpendicular to the ambient magnetic field.

The last argument, involving the condition kH<kL
which is important for the whole theory, is based on
the assumption that the payload crossed a more or less
steady structure. This is supported by all-sky camera
photographs showing a steady northern boundary of
the active arc region during the passage of the payload
(Wilhelm et al., 1981). Also the current sheets, observed
simultaneously both in B and in the electron flux,
which exhibit a time scale and signature in the payload
system quite distinct from the wave-like fluctuations,
make it more likely that we observed guided waves
rather than a transient phenomenon.

The observed net energy flux of the waves stands
against the possible interpretation as standing waves or
field line resonance. The Poynting vector pointed
downwards for at least 2s in each event. The sub-
sequent transition to a more turbulent behaviour at
213.5s and at 247.2 s, respectively (Fig. 8), is probably
due to reflection at the ionospheric E-layer. The spatial
separation between the incoming and reflected waves
can then be explained by a southward motion of the

arc. Since the Alfvén velocity decreases rapidly to a
value of below 1,000 km/s with decreasing height, a
separation of 2km at about 300 km above the E-layer
corresponds to a southward drift of approximately
1 km/s. This is in agreement with the observations.

An explanation of the waves in terms of the cyclo-
tron instability and pitch angle diffusion near the equa-
tor has been excluded for several reasons. This mecha-
nism is often discussed in literature (Engel, 1965; Corn-
wall, 1966; Kennel and Petschek, 1966; Gendrin,
1968; Coroniti and Kennel, 1970). (A very useful
technique to determine the sign of the imaginary part
of the wave number is published by Gendrin (1981).)
First, an explanation in terms of the cyclotron insta-
bility would not answer the question of the correlation
with the precipitating electrons. In addition, the ob-
served frequencies are too high for gyroresonance at
the equator, especially if not only protons are present.
For waves propagating at an angle to the magnetic
field, integral multiples of the gyrofrequency can be
amplified. But the instability is most effective for kL=0.
Thus we would not expect such a thin spatial confine—
ment of the events.

In agreement with the arguments of Stiidemann and
Goertz (1981), who explain observed ULF-waves as-
sociated with an energetic proton beam in terms of
‘kinetic Alfvén waves’ (Hasegawa, 1977), these obser-
vations demand a similar interpretation. Such a hy—
pothesis is further supported by the model calculations
described above. The results indicate that under special
conditions (Fejer and Lee, 1967) the component of the
wave electric field, which is parallel to the guiding
magnetic field, is strong enough for an appreciable
energy exchange between the electron beam and the
waves. The observed parameters agree well with the
computed results.

Nevertheless one should keep in mind that the
boundary conditions of the underlying theory are prob-
ably violated by the properties of the model magnetos—
phere. Plasma and ambient magnetic field are not ho-
mogeneous within the characteristic scale length, ie.
the wave length of the Alfvén waves. Due to flux con-
servation, the change of the wave amplitude is of the
same order of magnitude as the change of the wave
vector itself, which is not taken into account. Further-
more the complex wave number kzl can grow up to
values of the order of the real wave number s, which
can occur at the beginning of the interaction. So the
application of the linear theory might be doubtful. As a
consequence these considerations and model compu—
tations can give only a rough and tentative picture of
the actual physical processes by which free energy is
transferred to and exchanged between particles and
fields.

The question of the origin of the beam has not been
answered. The reverse process of the waves generating
the beam can be excluded, because it would require a
wave amplitude outside 3R8 of about 10 nT, which
seems to be unrealistically high. In addition it would
require a much longer interaction with slowly increas-
ing Alfvén velocity to accelerate the electrons from
about 300 eV, where we find a sufficiently high particle
density in the spectrum, up to 1.8 keV. It would also
leave open the question of the origin of the waves. But
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the model presented provides a boundary condition for
possible acceleration mechanisms which are currently
discussed. The incoming beam must exist outside the
region of maximal Alfvén velocity, i.e. at rz2.5Re. This
condition is not inconsistent with the theory of elec-
trostatic shocks or double layers. The n=0 ion cyclo-
tron mode instability is a possible candidate from
which oblique shocks evolve (Swift, 1978). They may
form where the relative streaming speed between ions
and electrons exceeds the threshold for excitation of the
1120 ion cyclotron wave. This will occur along the flux
tube where the ion density times the flux tube cross
section has a minimum. In our model this minimum is
located around ræ3Re. Furthermore the small spatial
extent of the observed current sheets and the mode of
the amplified waves fit well with the theory of V-shocks
reviewed by Swift (1978).
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Appendix

The diffusion equation of Kennel and Engelmann (1966)
reads

aft . 1 q2
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with the following substitutions
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J" is the Bessel function of the order n and the argument
ki uLflow. E, and E, are the circular polarized electric fields
(5). w is the azimuth angle of kL. It should be noticed that kz
=kz(kL, w, w) is a complex value.
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As can be seen immediately from Eq. (A1) diffusion takes
place only for particles with a velocity uz near the resonant
velocity

w—lwce
zres: 7

s
1) 1:0, il, i2,

which is in our case the Alfvén velocity ([20). The expression
(A3) for the perpendicular E-field component reads with (5)
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where klEkx and S is neglected relative to P (4), (4a). For 1
=0 this simplifies to
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The parallel E-field component has the form
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For regions in the magnetosphere, where the Alfvén velocity
has its maximum, the argument of the Bessel function is less
than 10‘2 with kx within the limits discussed. Since the ratio
of the highest order terms of (A4) and (A5) is of the order of
1, Eq. (A1) now reads
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Substituting (7) for lExl2 and the dispersion relation

Skg = 5193—- kg.
P

for s, the integration over a) has the form
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noting, that k“ is a linear function of a). Since kx<wce/c the
integration over kx yields

oo _d2k§c 8 2j kge 8 (mg—231.

Finally the diffusion equation becomes
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where the condition was used that all physical quantities must
be real, which means kz(a))=—k;"(—a)). Since the electron
beam is spatially confined in the x—direction to the extent of
the wave perpendicular to the ambient magnetic field, Lxæd
was taken. This leads to Equation (8).
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Abstract. Simultaneous observations of a giant pulsation
event during local morning by a ground based magne-
tometer station network and the geostationary ATS 6 satel-
lite magnetometer and particle experiments are analyzed.
The phase and polarization of the pg event show the charac-
teristic behaviour of field line resonance, the wave number
is 16 and the apparent phase velocity 10 km/s.

The waves at the satellite are compressional; possibly
ATS 6 is close to the node of a transverse resonant oscilla-
tion. The wavelength in the east-west direction is approxi-
mately 2 RE and in the radial direction less than one RE.
The observations of electrons in the energy range 32416 keV
and of protons in the energy range 25.5—234 keV show the
same oscillations as the giant pulsations. At the beginning
of the event the electron flux increases and the pitch angle
distribution becomes isotropic. It then changes to an-
isotropic, with increases in the 90O flux and in the amplitude
of the oscillations. The pulsations of the proton flux start
later. Comparison of the observation with existing theories
of pg excitation mechanisms does not give satisfactory
agreement.

Key words: Giant pulsation — Pc 4 pulsations — Wave parti-
cle interaction — Polarization properties — Magnetic field
line resonance

Introduction

History of Giant Pulsation Observations

Giant pulsations are one of the most remarkable types of
geomagnetic field fluctuations because of their very regular
waveform and comparatively long duration. Their pattern
of geographical occurrence meant that early observations
and statistical investigations were reported from the auroral
zone: Birkeland (1901) was the first to describe the ‘ magnet-
ic waves’ (‘ondes magnétiques’) which he observed during
an expedition to Northern Norway. Large—scale statistical
investigations based on long term observations at the three
Scandinavian observatories Abisko, Tromso and Sodan-

* Present address: Abteilung fiir Medizinische Informatik, Uni-
versität Göttingen, Robert-Koch-Str. 40, 3400 Göttingen, Federal
Republic of Germany

kylä were carried out by Rolf (1931), Harang (1932) and
Sucksdorff (1939).

Properties of Giant Pulsations

Contrary to what the name might suggest, giant pulsations
are not generally characterized by large amplitudes, but
range from fractions of a nT, obviously limited by the in-
strument’s resolution or by magnetic background noise, up
to several tens of nT. Some authors, however, (e.g. Nagata
et al., 1963) call large amplitude Pc 5 events giant pulsa—
tions. According to the statistical work of the Scandinavian
authors mentioned above the giant pulsations (abbreviated
pg), with oscillation periods 50—150 s, belong rather to the
Pc4 class than to the Pc 5 class of pulsations. They are
early morning events with occurrence maxima around
03:00 LT (for the very regular ‘type A’) and around
09:00 LT (for the more irregular ‘type B ’, after Sucksdorff,
1939). They occur predominantly around the equinoxes,
usually during quiet magnetic conditions. Harang (1941)
remarked that pg tend to occur on consecutive days. Their
main characteristic is the very regular waveform in all three
components comprising up to 100 consecutive cycles of os-
cillations. Eleman (1967) pointed out that giant pulsations
have a high ratio of vertical to horizontal amplitudes. Giant
pulsations arise in the auroral zone, exceptions have howev-
er been described: Veldkamp (1960) analyzed a pg which
was observed by a large network of stations in mid-lati-
tudes.

The development of high resolution sensors and record-
ing equipment, the improvements in timing accuracy and,
more importantly, the use of magnetometer arrays have
recently added new details to the knowledge of giant pulsa—
tions. Annexstad and Wilson (1968) used data from two
approximately magnetic-conj ugate stations and came to the
conclusion that giant pulsations are even-mode resonant
oscillations. In contrast Green (1979) observed odd mode
resonant oscillations at conjugate stations. The latter study
gives mainly a detailed analysis of the dependence of the
polarization parameters on the period of oscillation at two
stations of different geomagnetic latitude in the same hemi-
sphere. Hillebrand (1976), Rostoker et al. (1979) and Glaß—
meier (1980) found that giant pulsations have resonant
characteristics similar to other Pc 4 pulsations, in particular
an opposite sense of rotation north and south of a demarka—
tion line where the pulsations are linearly polarized and

0340-062X/82/0051/0129/$02.40
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where maximum amplitudes occur. The pg is usually con-
fined to a narrow region in latitude and can shift its location
in the course of an event.

Observations from space of so-called compressional
waves have been suspected to be connected with giant pul-
sations on the ground. A typical example is that given by
Barfteld et al. (1971) which was compared to data from
one ground station by Lanzerotti and Tartaglia (1972),
where both observations were shown to be closely con-
nected. Nevertheless, there was no clear evidence that the
ground observations were of giant pulsations.

This study connects measurements of a ‘compressional’
magnetic wave event at the geosynchronous orbit with mag—
netometer array observations of a giant pulsation in a
region close to the foot of the satellite’s fieldline. Simulta-
neous oscillations in the fluxes of electrons and protons
at the same frequency occurred in space.

Measurements and Data Presentation

During the IMS (International Magnetospheric Study) the
Geophysical Institute of the University of Göttingen oper-
ated a pulsation magnetometer chain in Northern Scandi-
navia. The locations of the temporary stations in 1975 are
listed in Table 1, and their geographic positions are marked
in Fig. 1 together with the permanent observatories Tromso
(TR), Kiruna (KI) and Sodankyla (SO). All stations are
equipped with Grenet type induction magnetometers
(Grenet, 1949), recording the three components H, D and
Z of the magnetic field fluctuations in the period range
2—600 5, approximately. The instrument’s frequency charac-
teristic has a maximum sensitivity around 0.05 Hz. Three
of the stations (SKA, KUN and KEV) were equipped with
digital recording systems, the other three stations (IVA,
MAR and KUU) with FM magnetic tape recorders. The
PM tapes can be processed by digitizing equipment and
the data are usually converted to the same format as those
tapes from the digital stations. The data from all six IMS
ground stations are sampled at 1.0 s intervals. The paper
chart records from KI and TR were digitized at 2 s inter-
vals. During the time of the pulsation event described here
the station MAR was not operating properly.

In the summer of 1975 the geostationary satellite ATS 6
was in a position at 35“ E longitude. The satellite carried,
among other experiments, a magnetometer and proton and
electron detectors. The tri-axial UCLA fluxgate magne-
tometer has been described by McPherron et a1. (1975). A
description of the NOAA proton experiment with three dif-
ferent detector telescopes in fixed orientation relative to
the Spacecraft is given by Su et al. (1979). Details of the
electron experiment of the University of Minnesota can be
found in the paper by Walker et al. (1976). Figure 1 also
maps the position of the foot of the magnetic fieldline
through the ATS 6 satellite on the ground.

In 1975 more than two months of simultaneous magne—
tometer data from ATS 6 and the Göttingen chain of pulsa-
tion magnetometers were obtained. These data have been
scanned for Pc4 events in space, and out of 78 intervals
which have been studied separately, there were 6 events
which could be more or less distinctly identified as giant
pulsations on the ground. The most prominent event of
this set occurred on 26 June 1975 between 02:30 and
06:00 UT. Local time at the magnetometer chain is: LT=
UT+2.5 h. A four hour segment of the ATS6 magne-

Table 1. Station codes, coordinates and L-values of the Göttingen
IMS pulsation magnetometer stations in Scandinavia, and of the
observatories Tromso and Kiruna. The IMS stations have been
Operated intermittently between 1974 and 1979

Station Code Geogr. Geomagn. L
coordinates coordinates value

Lat. Long. Lat. Long.

Skarsvaag SKA 71007“ 25”50’ 67.2“ 123.7“ 6.8
Kunes KUN 70“21 ’ 26"31r 66.4“ 123.3“ 6.4
Kevo KEV 69"45" 27“02’ 65.8“ 123.0“ 6.1
lvalo IVA 68““36’ 27“28r 64.7“ 121.9“ 5.5
Martti MAR 67""28’ 28'317" 63.6“ 121.4“ 5.1
Kuusamo KUU 65°55’ 2‘19“03’ 62.0D 120.5“ 4.6
Tromse TR 69"41r 19000’ 67.1 “ 116.8“ 6.3
Kiruna KI 67“48' 20“24’ 65.2“ 115.6“ 5.4
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Fig.1. Map of northern Scandinavia (geographic coordinates)
showing the locations of the Göttingen IMS pulsation magne-
tometer stations (triangles and diamonds) and of the three observa-
tories Tromso (TR), Kiruna (KI) and Sodankyla (SO) (circles).
Earth—surface intercepts from ATS 6 fieldlines for equinoxes and
summer solstice are shown in the NW part of the map (courtesy
of Olson and Pfitzer, personal communication)

tometer record together with data from one of the ground
stations (KEV) is plotted in Fig. 2. The upper panel presents
the Spacecraft magnetometer data in the dipole V315" co—
ordinate system: B" is antiparallel to the earth’s magnetic
dipole moment, 51 is perpendicular to B“ and directed azi-
muthally eastward and V completes the right handed sys-
tem. Note that B” and Bl are the same as the H and D
of the VDH system (Arthur et al., 1978) and are not neces-
sarily parallel and perpendicular to the local field direction.
In the lower panel the KEV data are plotted in the common
HDZ magnetic coordinate system. The instrument’s fre-
quency response has been removed and both data sets have
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Fig. 2. Giant pulsations (pg) at KEV (lower panel) and as recorded by the ATS 6 magnetometer on 26 June 19?5

been bandpass filtered in the range 10—l,000 s. Because of
the different origins of the magnetograms, this figure pres-
ents 5 s averages of both data sets. The ground data show
a signature typical of giant pulsations, regular magnetic
oscillations with periods around 90 s and a duration of ap-
proximately 3.5 h. The signal is strongly modulated, and
three distinct amplitudes maxima can be detected in all
three components H, D and Z. The amplitudes of Z are
large in comparison to those of ordinary PC 4 pulsations,
and peak to peak amplitudes of more than 10 nT can be
found in all three components.

The magnetOSpheric data give a quite different pattern.
Oscillations with the same period can be seen distinctly
in the BI component and barely in BI, which means that
the oscillations occur mainly in the field parallel direction.
This type of pulsation with negligible transverse magnetic
oscillations has been called a ‘compressional wave" in the
literature. The magnetic amplitudes of approximately
1.5 nT are smaller than on the ground. The signals at the
spacecraft are slightly modulated, the first two maxima of
the ground data also occurring in space, but the third maxi-
mum missing. This pattern resembles much more the
ground data at Tromse, which is closer to the foot of the
ATS 6 fieldline, than is the Göttingen array. Except for
one section of data in Fig. 3, a complete magnetic record
from TR is not shown here but the amplitude pattern at
TR can be seen in Fig. 7b. During the third interval there
are oscillations of less than 2 nT at TR whereas there are
amplitudes of roughly 5 nT during the first two maxima.

In order to get a more detailed picture of the giant
pulsations on the ground, half an hour of pulsations from
all seven available stations is shown in Fig. 3. With the

exception of Tromso (TR) and Kiruna (KI), which are situ-
ated some 300 km west of the magnetometer chain, the
magnetograms are plotted in order of latitude along the
meridian profile, each component separately. This is a plot
of original magnetometer data without a correction for the
instrumental frequency reSponse. The data however can be
compared since we use the same type of instruments at
all stations. Clearly, the horizontal amplitudes have their
maximum around KEV where large vertical amplitudes can
also be found. North and south of this station the ampli-
tudes decrease. An exception is SKA (North Cape station)
where the large vertical amplitudes are caused by the induc-
tion anomaly at the sea shore. There is almost no phase
difference in D between the stations along the meridional
magnetometer chain. TR and KI which are separated in
longitude have a phase lag of approximately 120“ from
those stations in the east. There are also phase differences
in H between the stations on the north—south chain.

A forty-five minute section of the giant pulsations as
observed by the two particle experiments on board ATS 6
is given in Fig. 4. The records of the magnetic D component
from the ground station KEV and of the field parallel com-
ponent B at the satellite are added for comparison in the
lower two traces of this figure. The data segment just in-
cludes the first amplitude maximum of the giant pulsations.
The D component from the ground station was selected
here because of the high phase stability of D along the
magnetometer chain.

Fluxes of electrons in the energy ranges 31—42 keV,
150—214 keV and 32—42 keV were recorded by the Minne-
sota experiment on board ATS 6 during the time considered
here. References to the experiment description and records
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Fig. 3. Stacked pulsation magnetograms for 7 ground stations;
30 minute segment of the giant pulsation event on 26 June 1975

of pulsating proton fluxes are given by Su et al. (1979).
One detector scans all the pitch angles in 90 s, the other
has a fixed direction looking to the east at 900 pitch angle.
The upper two curves show the pitch angle variations with
time for both the fixed (dotted line around 90°) and the
scanning detector (broken line oscillating between 00 and
1800). The following two curves display the electron flux
measurements of the scanning detector and the third one
the measurements of the fixed detector.

The electron fluxes measured by the scanning detector
vary according to the variation of pitch angle; the maxima
of the fluxes occur in both energy channels normally at
900 pitch angle. Until 02:55 the lower energy fluxes vary
with a factor of 6 between OO and 900 pitch angle. After
02:56 the electron flux at 0O pitch angle increases and the
electron distribution becomes isotropic and remains so until
03:04. Thereafter the electron distribution anisotropy grows
to a value larger than before 02:55, and the ratio between
0° and 900 flux is slightly enhanced. The flux in the energy
range 150—214 keV shows no change during the time inter-
val considered.

Time variations of the electron flux measured by the
fixed detector start at 03:04 with a period of 90 s and con-

tinue until 03:21. This oscillation of particle flux is ob—
viously related to the magnetic oscillations.

Data from the NOAA ion experiment are shown in the
central part of Fig. 4. Three different telescopes for protons
are directed towards three fixed directions in the spacecraft:
conventionally a Cartesian coordinate system is defined
with the positive Z axis pointing toward the earth’s center,
with y directed southward parallel to the earth’s rotation
axis and x as the tangent vector to the spacecraft velocity,
positive eastward. Telescope A points radially outward in
the —z direction, B is perpendicular to A having an angle
of 130 with the y axis toward east, and C is mounted in
the plane defined by A and B with an angle of 45o with
the —z direction toward north. Each of the detector tele-
scopes is capable of measuring the differential energy
number flux for protons with energies 25.5—234 keV in six
intervals:

25.5 g AE1< 33.4 keV
33.4 g AE2 < 47.8 keV
47.8 g AE3 < 70.8 keV
70.8 g AE4 < 100.2 keV

100.2 g AE5 < 150.5 keV
150.5 g AE6 < 234 keV.
The counting rates of the three energy channels labelled
AE4, AE5 and AE6 of detector C are plotted below the
electron data in Fig. 4, the energy channels AE2 and AE3
together with AE5 and AE6 of all three detectors were used
for further analysis. During more than half of the time
interval, the proton fluxes vary in a random way. After
03:10 a superimposed periodical variation can be observed
on channels 5 and 6. The solid lines through the proton
data plots result from low-pass filtering the original proton
counting rates. The selected filter has a cutoff slope between
54 and 66 3. These filtered time series clearly demonstrate
the oscillations in the proton fluxes.

Data Analysis and Results

Power Spectra of the Wave Data
Some of the data sets for this special giant pulsation event
have been analyzed by different methods, mainly because
of the different origins of data. As far as possible, power
spectra of the whole data set or of segments of data were
calculated. Figure 5 is an example of the power spectra
of magnetic data from the three ground stations SKA,
KUN and KEV and from the ATS 6 satellite. Here the
whole 4 h segment between 02:00 and 06:00 UT was ana-
lyzed. With a time increment of 5 s, and by averaging over
13 power estimates in the frequency domain, the resulting
number of degrees of freedom is 26. Figure 5 gives the total
power at each station, that is, the trace of the power matrix.

There is a distinct enhancement at the same frequency
(0.011 Hz) in the spectra from the ground stations and the
spacecraft data. The total energy of the magnetic oscilla—
tions in space is a factor of 100 less than on the ground.
The enhancements of the ATS 6 magnetometer spectrum
at frequencies of 0.026 H2, 0.032 H2 and 0.036 Hz (dotted
parts) are caused by artificial disturbances from other ex-
periments on board ATS 6.

Dynamic Spectra of the Wave Data
A different technique of analysis which gives a good time
resolution together with a sufficient frequency separation
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Fig. 5. Power spectra of the magnetic oscillations at three ground
stations and at ATS 6 during the pg event

is the ‘complex demodulation’ of time series. This method
has been applied to magnetic pulsations by Gokhberg et a1.
(1974) and by Beamish et a1. (1979). for example. The distri-
bution of the energy of the signal as a function of time
and frequency is obtained by application of a set of filters
to the transformed signal in the frequency domain. After
a zero frequency shift and re-transformation of the filtered
spectra, the instantaneous amplitudes and phases are ob-
tained. This method was used here for analysis of the
ground magnetic data. For each station the dynamic spectra
of the horizontal components H and D were calculated
separately in 4 segments of 1 h each. As a result the total
horizontal amplitude

T00, 01:1/H2 (a ramp-<0, r.)
as a function of the central filter frequency fi. and time
tÜ were determined. The polarization properties, as a func-
tion of time, were derived from the amplitude and phase
results. The instantaneous period of oscillation was defined
simply as the center period of whichever filter band out
of the 30 between 00095 Hz and 0.0133 Hz contains maxi-
mum amplitudes of the total horizontal component T, re-
corded at KEV. The instantaneous period of oscillation
was found to be the same at all stations at the same time
but the period varied slowly as a whole.
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Additionally, the ellipticity s and the azimuth angle d5
were determined using the method of Rankin and Kurtz
(1970). For each station, plots of amplitudes vs. time of
4 min averages were prepared. From these plots contour
lines of equal amplitudes vs. time and geomagnetic latitude
were derived. The result for the total horizontal amplitude
T is shown in Fig. 6. The total time span comprises 4 h,
02:00—06:00 UT. The contour lines of peak to peak ampli-
tudes are plotted in increments of 1 nT. The time and ampli-
tude resolutions at the stations themselves (horizontal bars)
are sufficiently good for determining the cross sections of
the contour lines. The shape of the isolines between the
stations. mainly in the gap between KUU and IVA, is esti-
mated only.

Three distinct amplitude maxima, each one above
13 nT, can be distinguished, two of them at approximately
the same latitude and the third north of the profile. The
arrows at the bottom labelled A, B and C refer to those
times where results of the coherence analysis are given in
Fig. 7.

As a result of the polarization analysis the solid line
depicts the latitude where the magnetic oscillations in the
horizontal plane are linearly polarized. North of this line
we find a clockwise sense of rotation of the polarization
ellipse when looking down upon the horizontal plane
(a > 0), and in the south there is a counterclockwise sense
of polarization (5 4: Û). The separation region moves north—
ward in the course of the pg event. At 04:30 UT all stations
on the profile show a counterclockwise sense of rotation,
and in the final quarter of the event a clockwise sense of
rotation can be observed again at the northern stations.
The separation region with linear polarization roughly
follows the drift of the amplitude maximum.

A further result which is not shown in this figure is
the simultaneous shift of the dominant period of oscillation.
At the beginning the period is about 85 s. but during the
two amplitude maxima A and B the period changes to 87 s
and 88 s, respectively. After the second amplitude maxi-
mum the instantaneous period of oscillation rises slowly
and grows to a maximum of 98 s during the third amplitude
peak and after that reduces to some 89 s. Thus the north-
ward motion of the region with maximum amplitudes and
linear polarization is coupled with an increase of the instan-
taneous period of oscillation.

Polarization Analysis of the Wave Data

In order to get some more detailed information about the
polarization parameters of the giant pulsations and their
dependence on latitude, longitude and time, the data from
all ground stations were subdivided into 25 overlapping
segments each of 18 min duration. The polarization para-
meters in the three planes H —D, D—Z, H—Z were deter-
mined using the method of Rankin and Kurtz (1970).
Figure 7a and 7 b give a few results for the meridional chain
of magnetometers (7a) and the “longitudinal profile” (2b),
consisting of both Tromso and Kiruna observatories to-
gether with the station KEV for reference. The latter
‘profile’ is set in quotes because of the considerable latitude
difference between KI and TR.

Figure 7a gives the distribution of the different parame-
ters along the profiles at the three distinct moments A,
B and C (Le. at 03:12, 03:48 and 04:24 UT) during the
three amplitude enhancements. The times given here are
the center times of those 18-min intervals of analysis which
are closest to the real amplitude maxima at 03:10, 03:45
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Fig. Ta, b. Cross sections of different polarization parameters along the meridian (Fig. 7a) and in the east—west direction (Fig. Tb)

and 04:35 UT reSpeotively. In the upper panels the ampli-
tude distributions of the three components are shown. With
the exception of the vertical amplitudes at SKA, which are
enhanced by the induction anomaly at the North Cape sea-
shore, the maximum amplitudes along the meridian can
be found near 660 during the first two amplitude enhance-
ments. During the last enhancement, however, there is a
similar maximum of H along the profile, but the D compo—
nent is strongest in the north of the Chain at 67.5”.
Figure 'I’b shows that we have much smaller amplitudes
in the west than in the east, and that they almost vanish
during the third interval.

The next panel of Fig. Ta gives the distribution of the
ellipticity s, i.e. the ratio between the minor and major axis
of the polarization ellipse in the horizontal plane with posi-
tive e for a clockwise sense of rotation and negative 3. for
anticlockwise rotation, when looking onto the horizontal
plane. We can see distinctly the well defined reversal in
the sense of rotation in A and B, but during the interval
C all stations on the meridian show an anticlockwise sense
of rotation. On the other profile the dividing region between
areas of different senses of rotation is situated between KI
and TR, probably caused by their difference in latitude
rather than longitude. The azimuthal angle GD, that is the
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angle between the major axis of the polarization ellipse and
the H direction taken positive toward D, is given below.
The distribution along the profiles is quite simple: almost
all stations have a positive angle (Fig. 7a), with the excep—
tion of the two observatories in the west, during the time
intervals A and B (Fig. 7b).

In the last panel the phase differences between the indi—
vidual stations and the reference station KEV are shown
for each component separately. On the north-south profile
we find that the D components of all stations are almost
in phase, so the reversal in the sense of rotation is caused
by the phase differences in the H component. On the east-
west profile however H is more or less in phase, and we
observe a constant phase difference of approximately 120Ü
between KEV and both observatories in D.

Estimates of the Spatial Distribution
af Amplitudes and Phases of the Wave Data

A few parameters of the giant pulsations at the Earth’s
surface are summarized in Fig. 8. Isolines of the amplitudes
of the D component during the first maximum are drawn
over a map of northern Scandinavia. These lines have the
form of ellipses with roughly an east west orientation of
the major axis. The major axis also forms the separation
line between clockwise and anticlockwise rotation of the
disturbance vector in the horizontal plane. The long dashed
lines connecting equal phase values of the D component
are oriented in the direction of the magnetic meridian. All
stations along the meridional profile have negligible phase
differences in D, whereas the stations in the west have a
phase lag of 120”. From the phase differences we obtain
an apparent phase velocity of 10 km/s, and the azimuthal
wavenumber can be determined as m=16. Although we
have a good knowledge of the wave parameters along the
chain of stations on the meridian, most of the properties
outside the area covered with stations had to be extrapo-
lated only roughly. A sequence of amplitude and phase

distributions would give a similar picture in the course of
the whole pg event. During the interval C the pg region
has migrated to the north and possibly to the east too.
Sufficiently large amplitudes could be observed only in the
north of the magnetometer chain and not at Tromse or
Kiruna. This displacement is accompanied by an increase
in the period of oscillation and by vanishing magnetic oscil—
lations in space.

Spectral Analysis of the Particle Data

All particle data together with the magnetometer data were
subdivided into overlapping time intervals of 18 min dura-
tion. Before the analysis gaps and spikes in the particle
data were removed by means of cubic spline interpolation,
and the proton data were lowpass-filtered below an edge
frequency of 0.015 H2 in a logarithmic amplitude scale.
Each time segment was subjected to power spectral analysis
and the results obtained at the main frequency of the pg
were recalculated as amplitudes. In the case of magne-
tometer data these peak to peak amplitudes are given in
nT. For the particle data these are arbitrary units only
which give a relative value of the particle fluctuations in
the same frequency band as the giant pulsations.

The H, D and Z components from the ground station
KEV depict the three maxima which are also visible in
Figs. 2 and 6. The central panel with the results of the
ATS 6 magnetometer data demonstrates that the main ener-
gy of the pg oscillations is concentrated in the field parallel
component and that the third amplitude enhancement is
missing in the satellite magnetometer data. The amplitudes
of the counting rates of the proton detector C are shown
for four energy bands AE2, AE3, A135 and AE6. Oscillating
proton counting rates occur in all energy channels. The
lower energies are influenced during the main part of the
event only, whereas the high energy channels have pulsating
counting rates during the main phase and at the end of
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the event. The relative amplitudes of the channels cannot
be compared to each other because of the logarithmic scale.

In contrast to the properties of the pulsations in the
proton data, there is a steep increase in the electron pulsa-
tions right at the beginning of the pg, and there is only
a single maximum. This oscillation maximum occurs simul—
taneously with the first amplitude enhancement in the mag—
netometer data. The maxima in the proton data do not
coincide with those of the magnetic pulsations. At the end
of the time interval the high energy protons are still oscillat-
ing after the magnetic pulsations at the satellite have ceased.

A summary of the phase differences which resulted from
the spectral analysis is given in Table 2. The phase differ-
ences between the single experiments and the BII component
of the ATS 6 magnetometer are specified for the three se-
lected times A, B and C. All values denote those results
where the coherence was above 0.5. The results for V and
B1 should not be overemphasized since their amplitudes
are very small. The phase difference of approximately 100°
between BII and the electron fluctuations seems to be rela-
tively stable. The proton fluctuations give a very contrasting
picture: Their phase differences vary considerably from de-
tector to detector and between different energy channels
of the same detector, they are also different at the time
intervals A, B and C. The phase differences of the pulsations
at the ground station show a more or less constant value
for the H component, but vary over a range of 90° for
D.
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Table 2. Phase differences relative to the BI component of the
ATS 6 magnetometer for ATS 6 magnetic field and electron and
proton flux oscillations and ground station KEV magnetic field
variations

A B C
03:12 UT 03:48 UT 04:24 UT

ATS 6 V + 19° + 24°
Magnetometer B1 — 99° — 143° + 110°

BII Ref. Ref. Ref.

ATS 6 Fixed + 101° + 103°
Electrons

Detector E2 + 148° + 34°
E3 + 1° + 152°

A ‚ E5 — 18°
E6 + 147° — 145°

ATS 6 Detector E2
E3 — 83° + 172°

B E5 — 52° — 122°
Protons E6 — 50° + 52° — 34°

Detector E2 +101°
E3 — 62° + 130°

C E5 — 4° + 5° — 240
E6 + 44° + 21° + 60°

KEV H —45° ——61° — 37°
D —95° —41° —— 8°
Z — 5° + 1° + 20°

Discussion

This giant pulsation event was observed simultaneously by
seven pulsation magnetometer stations on the Earth’s sur—
face and in the synchronous orbit in space by the magne-
tometer on the ATS 6 satellite.

The chain of magnetometers gives a meridional cross
section through the pg region. The amplitude maximum,
occurring at around 66° latitude at the beginning of the
event, is connected with linear polarization of the pulsations
in the horizontal plane. North of this maximum there is
a clockwise sense of rotation and south of the maximum
the horizontal disturbance vector rotates in the opposite
sense. In the course of the event the pg region moves north-
ward. Simultaneously with the motion from 66°—675°,
roughly, there is an increase of the period of oscillation
from 88—98 s. This relationship between the position of the
pg center and the corresponding period of oscillation agrees
well with observations by Green (1979). He also found a
switch from anticlockwise to clockwise rotation of the hori-
zontal polarization ellipse for a definite latitude and period.
According to Green’s observations this reversal occurs at
Tromso for a period of 104 s and at Kiruna for a period
of 65 3. North of the position of the amplitude maximum
he finds clockwise rotation and south of it anticlockwise.
He obtained his result from a statistical analysis of a large
number of single pg’s. Our observation directly demon-
strates this property of giant pulsations. We observe a peri-
od shift simultaneously with a drift of the center region.
The phase and polarization of the pg event show the charac-
teristic behaviour of field line resonance (Samson and Ros-
toker, 1972; Chen and Hasegawa, 1974; Southwood, 1974).
A drift of the pg region has also been described by Glaß-
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meier (1980), who observed a westward motion of what
he calls the A component pattern (A roughly corresponds
to H), with the B component pattern (B corresponds to
D), following later. Although he used a much larger net-
work of stations we can exclude a westward motion of the
pg region in our study: As Fig. 6 shows, the extent of the
pg region is approximately 3O in latitude during time inter-
vals A and B. During the last interval C the pg pattern
has drifted northward. Additionally the magnetic oscilla-
tions at ATS 6 are diminishing.

We can exclude a westward motion of the pg region
according to the following argument: During interval C
the amplitudes at KUN and KEV remain relatively large
while they decrease considerably at TR, which is situated
at roughly the same magnetic latitude. A westward shift
of the pg would have the opposite effect. The drift patterns
of the H and D components are different from each other.
As one can see in the half-hour section in Fig. 3 the maxi-
mum of H performs a rapid drift from IVA to SKA whithin
7min whereas D remains almost stable. The amplitude
pattern of the horizontal component as a whole can be
found at 66o latitude during the first two maxima and at
67.50 latitude during the third maximum. Comparing our
result and the result of Rostoker et al. (1979), who also
found a poleward motion, to that of GlaBmeier (1980),
we must conclude that the drift of the amplitude pattern
may have different directions. Probably this reflects the in-
dividual behaviour of the source region.

In this study a connection is found between a compres-
sional magnetic wave in space and giant pulsations ob-
served on the ground. Space observations of this type of
pulsations have been given by Barfield et al. (1971). Lanzer-
otti and Tartaglia (1972) found a clear correlation between
compressional magnetic waves in space and PC 4 pulsations
observed at a ground station. There was no clear evidence
of whether these were giant pulsations or not. A detailed
study of one of these compressional waves in space, using
data from three satellites, has been made by Hughes et al.
(1979). They found large azimuthal wavenumbers around
m: 100 and an azimuthal group velocity of about 30 km/s.
We observe much smaller wave numbers, only m=16.
Hughes et al. concluded from additional particle observa-
tions that they observed a second harmonic fieldline reso-
nance, probably caused by bounce resonance interaction
of protons at the inner edge of the ring current. Cummings
et al. (1978) studied Pc4 of 150 s period at ATS 6, and
found hydromagnetic waves along the magnetic field which
propagate predominantly azimuthally from noon toward
the dawn-meridian. During the pg event analyzed here the
waves of the D-component of magnetic field propagate
from dawn to noon. We find three time intervals (see Fig. 9)
with amplitude maxima of the pg event at the ground, and
two maxima and a smaller one at the satellite, which do
correlate with each other. The smaller maximum occurs
when the event on the ground has shifted northward.

As we stated above, we observe a fleldline resonance
of a standing wave. Since it drifts out of the view of the
satellite during the third time interval, we also conclude
that the resonant region has drifted radially outward and
has a very narrow extent. In radial direction, the extension
would be less than one RE. We estimate the wavelength
of the pattern in the D-component as z 2.3 RE.

These estimates have been derived from the amplitude
pattern of the pg at the earth’s surface. The pg range in

space is expected to be smaller or of the same order of
magnitude. The steep gradient of both H and D component
amplitudes in latitudinal direction can partly explain the
large Z amplitudes of giant pulsations as shown by South-
wood and Hughes (1978). Comparable gradients and Z am-
plitudes are observed together with high latitude Pi 2 pulsa-
tions. This does not explain however why maximum Z am—
plitudes are observed at latitudes where H and D have their
maxima (see Fig. 7a).

ATS 6, in its position at 350 E longitude is relatively
close to the magnetic equator (æ —5°). Standing waves in
space have a node of the transverse magnetic oscillations
for odd modes and maximum amplitudes for even modes
at the equator. From the observations we conclude that
we are dealing with an odd mode standing wave: The trans—
verse amplitudes (V and BL) are very small. The relatively
large field parallel (BH) component can be interpreted as
the remainder of a large standing wave in a non homoge-
neous field. This can be derived from the wave equations
given by Siebert (1965) assuming a dipole field. Further-
more we observe larger magnetic amplitudes on the ground
than in space. Since the waves undergo ionospheric
damping (Hughes and Southwood, 1976) larger amplitudes
are expected in space. Therefore the maximum of the stand-
ing wave cannot be at the satellite. ATS 6 must be either
on the resonant L shell or very close to it in the earthward
direction since the radial extent of the pg as derived from
the ground observations is of the order of 1 RE. Taking
the influence of the ionosphere into account, the radial
extent of the resonant region in space is of the same order
or smaller. A situation in which the resonance region is
between the satellite and the ground is excluded, since the
magnetic amplitudes at ATS 6 are diminishing during inter-
val C. In summary, these arguments support the assump-
tion of an odd mode standing wave in space. At magnetic
latitudes away from the equator the magnetic amplitudes
of the wave are expected to be much larger than on the
ground.

A 90o rotation of the polarization direction by the influ—
ence of the ionosphere and non-conducting atmosphere is
predicted by Hughes and Southwood (1976). Due to the
extremely small transverse amplitudes, the determination
of the polarization parameters in space gives only a non—
significant result. A direct comparison to the properties on
the ground (see Fig. 7a, b) is thus excluded. If the rotation
is considered, the calculation of the phase propagation as
stated above must be reinterpreted in terms of components.

Cummings et al. (1978) concluded from their data that
they had observed an odd harmonic of the standing wave,
and the fundamental mode is the most reasonable interpre-
tation of the data. The question of the excitation mecha-
nism of the magnetic standing wave has still to be answered.
The simultaneous particle observations on board ATS 6
may give some hints. Inspection of the ground station mag-
netograms at high and low latitudes around the world
reveals a magnetic field change only at Fort Churchill at
02:55 UT. The H—component increases by 70 nT. The mag-
netometer on board the geostationary SMS 1 satellite posi-
tioned at 750 W also records a 10 nT decrease of the radial
component of the magnetic field which means that the field
becomes more dipole-like around midnight. This reconfi-
guration of parts of the magnetosphere may also have im-
plications on the morning side. The field change at local
midnight occurs at the time of the increase of the electron
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flux at ATS 6. The electrons responsible for the increase
can therefore not have drifted very far and the modulation
of the electron flux must have taken place in the pg reso-
nance region.

We observe at 02:55 UT an increase of the electron flux
at the scanning detector in the energy range 32—51 keV to—
gether with a change of the pitch angle distribution from
anisotropy to isotropy. The fixed electron detector does
not see any flux increase. This implies that the more or
less fieldline-parallel flux component increases. However,
when the amplitude of the field line oscillations increases,
the anisotropy again increases, and we observe a flux in—
crease in the fixed detector, i.e. at 90O pitch angle.

The redistribution of the pitch angle of the electrons
can also be seen in the recordings of the scanning detector.
We observe periodic fluctuations of the electrons of the
same period as of the magnetic field, with a phase difference
of 100°. If the electrons behaved like charged particles in
a magnetic bottle one would expect a 180O phase lag be-
tween the particle and magnetic oscillations, especially in
View of the short bounce period of the electrons in the
observed energy range and the short response time on chan-
ges of the magnetic field. Since we don’t know the flux
changes of the low energy plasma we cannot estimate the
implications of the particles on field changes.

The 40 keV protons — channels AE2 and AE3 — reach
their maximum at 03 :30 UT. If the time difference between
the amplitude maxima in channels AE2, AE3 and AE5, A E6
is due to drift, the protons first appeared at 10 h MLT.
The second peak of the proton oscillation amplitude at
04:33 UT is most probably due to protons which have al-
ready drifted around the earth once.

Cladis (1971) gives a model where an injection of plasma
produces a charge excess on field lines which can generate
Alfvén waves. If a species of the injected particles continues
to drift azimuthally in a sharp charge front, the field lines
along the drift path will begin to oscillate as the charge
front appears. The displaced field lines will therefore form
a periodic pattern with the azimuthal periodicity equal to
the product of the mean angular drift velocity of the parti-
cles and the period of oscillation, and the wave pattern
moves in the azimuthal direction with a phase velocity equal
to the mean azimuthal drift velocity of the particles. The
extent of the wave pattern in that direction is roughly 180.
Therefore we can calculate the phase velocity 12D for the
observed pg period of 90 s:

vD=12O/min.

This should correspond to the drift velocity of the particles
responsible for the pulsation generation, according to
Cladis (1971). Particles of 300 keV have drift velocities of
this magnitude.

We observe an injection of electrons in the 40 keV range,
but no appreciable increase in the flux of 15(F214 keV elec-
trons. Therefore electrons cannot be responsible for the gen-
eration of the wavepattern in the way proposed by Cladis’
theory.

Thus protons could be the particles responsible for the
giant pulsation excitation, but we don’t find increases of
high energy proton fluxes at 02:55 UT. The first increase
of the flux occurs at 03:14 UT for 150 keV protons. The
oscillations of proton fluxes also start later than 02:55 UT,
and reach their maximum amplitude later than those of
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the 40 keV electrons and of the magnetic field, namely at
03:15 UT (see Fig. 9).

We observe major amplitudes of the modulation of the
ion flux above an energy of 70 keV. The largest amplitudes
occurred in the measurements of telescope C (pitch angle
125°).

Su et al. (1979) observed a similar event with the same
experiment. They recorded the largest flux variations at
small pitch angles (æ 360). They showed that the observed
modulation of the ion flux cannot be explained by a simple
model of the bounce resonant interaction. Su et al. assume
that a B0 parallel wave electric field together with an aver-
age particle distribution causes the flux modulation at small
pitch angles.

During the event we observe, the wave phenomenon
occurs earlier than the ion flux modulation, and we see
the modulation preferentially at large pitch angles.

Southwood (1977) gives a theoretical explanation for
compressional waves in the magnetosphere caused by the
existence of a hot plasma component. He explains the ex-
istence of a magnetic compressional wave for low frequency
disturbances in a hot inhomogeneous plasma. The distur-
bance is localized and surface—wave type structures in the
magnetospheric ring current are possible. In this case the
meridional transverse (V) and compressional components
(B„) should be in phase or 1800 out of phase. We observe
waves which are localized at least in the radial direction.
According to Table 2 we obtain a mean phase difference
of 200 between both components during intervals A and
B. The east-west component B1 has a mean phase difference
of —1200 relative to B”. Both transverse components are
predicted to be in quadrature. This is obviously not the
case. This result must be considered carefully because of
the errors caused by the low signal to noise ratio of the
transverse oscillations. On the other hand the theory re-
quires a large ratio of hot ion pressure and magnetic pres-
sure in the case of this pg, because the transverse oscillations
are much smaller than the field parallel amplitudes.

Therefore the mechanism of generation of this giant
pulsation event remains unexplained.
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Average Diurnal Variations of the Intensity
of Geomagnetic Pulsations in the Period Ranges
of pc 2—pc 5 Observed at Fürstenfeldbruck
During the Years 1960—1971
A. Korschunow
Geophysikalisches Observatorium Fürstenfeldbruck, der Universität München, Ludwigshöhe 8,
D—8080 Fürstenfeldbruck, Federal Republic of Germany

Abstract. Geomagnetic pulsation analogue records from the
geophysical observatory at Fürstenfeldbruck near Munich
(Germany, L = 2.0) were statistically analyzed for the twelve
years 1960—1971. The analysis was performed by estimating
the average peak-to-peak amplitude for every quarter hour
of UT, separately for the two horizontal components H
(toward local magnetic north) and D (toward local magnet—
ic east), and for any one of the four period ranges 5—10 s,
10—45 s, 45—150 s, and 150—450 s. The estimate of amplitude
was made by subjective comparison of the film record with
different master curves engraved on a glass scale. From
the estimated single values, average daily variations of pul-
sation intensity were derived for quiet days (Ap g 8), moder-
ately disturbed days (8 <Ap §25), and disturbed days
(Ap>25). The character of these average daily variations
of intensity seems to be remarkably independent of geomag-
netic activity though their level increases when the geomag—
netic field is more disturbed. The ratio between the average
intensity on disturbed days and the average intensity on
quiet days increases from 1.6 for the 5—10 8 period range
to 9.1 for 150—450 3. However there are indications that
the results for the 5—10 3 period range are somewhat conta—
minated by the presence of some artificial disturbances of
hitherto unknown origin.

Key words: Geomagnetic pulsations — Geomagnetic indices
— Solar-terrestrial relationships — Statistics of extended time
series

Introduction

Since December 1959 geomagnetic pulsations in the period
range from about 2 s to about 500 s have been recorded
continuously at the Fürstenfeldbruck observatory (geo-
graphic coordinates 4809’N; 11036’E; geomagnetic coordi-
nates 48,8ON, 93,3OE, L=1.97). The three—component set
of induction variometers of the Grenet-type (an improved
version developed at the Geophysical Institute of the Uni-
versity at Gottingen (Voelker, 1963) installed at Fiirsten-
feldbruck, is part of a north-south chain of similar stations
reaching from Kiruna in Northern Sweden to Fürstenfeld-
bruck in Southern Germany. A detailed description of the
variometers (including a description of resonance character-

Paper presented at Sixth Annual Meeting of the European Geo-
physical Society, Vienna, 11—14 September, 1979

istics and recording technique) has been given by Voelker
(1963). The present paper presents results of processing the
complete set of photo-optical records (recording speed
6 mm/min) from the years 1960—1971 on a quarter—hourly
basis, by subjective reading of activity indices which will
be defined below.

In the early fifties, Angenheister (1954) applied the tech-
nique of assigning activity indices to geomagnetic pulsa-
tions, utilizing rapid-run records from a similar but earlier
H-component instrument operated at Göttingen
(Germany). He subdivided the range of periods between
7.5 s and 480 s into six intervals of equal length on a loga-
rithmic scale i.e. into six octaves. For each band of periods
separately he determined one-hourly activity indices. Con-
tinuous records from January 1952 to March 1953 were
analyzed in this way and gave mean diurnal variations of
pulsation activity dependent on period. Later on, the same
approach to the evaluation of pulsation records from Göt-
tingen was undertaken for the years 1953—1958 by Angen—
heister and von Consbruch (1961).

A similar first statistical analysis of H—component geo-
magnetic pulsations recorded at Fiirstenfeldbruck was
made for the years 1960—1962 (Korschunow 1966). Howev-
er, in this case the period band (octave) from 3.75 s to
7.5 s was also included and the basic time interval was
changed from one hour to 15 min in order to improve time
resolution (cf. the well-known Q-index of geomagnetic ac-
tivity introduced by Bartels and Fukushima (1956)).

Modified Fiirstenfeldbruck Method of Analysis
of Horizontal Pulsation Records
for Statistical Purposes

The results of the paper by Korschunow (1966) indicated
that a subdivision of the full period range from 3.75 s to
480 s into seven octaves seemed to be too fine i.e. neigh-
bouring period bands yielded mean diurnal variations
which were too similar to each other. After some tests,
the following ranges of period were introduced for the final
analysis: 5—10 s, 10—45 5, 45—150 s, 150—450 3. Though the
decision was made rather independently, these ranges corre-
spond almost perfectly to the period intervals defining pc 2,
pc 3, pc 4, and pc 5 pulsations according to a well-known
1963 IAGA resolution (see Jacobs et al. 1964). Note, how-
ever, that in the present analysis the different period ranges
denote (semi-quantitatively, see below) the application of
corresponding band-pass filters to every 15 min interval of

0340-062X/82/0051/0141/$01.20
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time, whereas a pulsation train with a main period of about
120 s may be classified as a pc 4 or a pi 2 event according
to the IAGA resolution, for example, because this classifica—
tion takes into account also the general shape of the event.

Another important change as compared to the method
applied earlier by Korschunow (1966), is the inclusion of
the magnetic D (i.e. local magnetic east) component in the
analysis, in addition to the H (local magnetic north) compo-
nent.

In view of the fact that the records to be statistically
analyzed were photo-optical traces on paper film, and that
digitizing the records was beyond the resources of the obser—
vatory, the analysis was done by eye in the following way:
A glass-scale of a length corresponding to 15 min of time
on the film was used to estimate the average peak-to-peak
amplitude in each period band. In fact, the estimations were
made by comparing corresponding oscillations in the record
to oscillating master curves of certain frequencies and con-
stant amplitude which were engraved on the glass. As a
first step in this estimation, integers — called indices — from
0 to 9 were assigned to the 15 min time interval and period
band considered, the figures from 0 to 8 being proportional
to average amplitude as far as possible. If the amplitude
of the oscillations surpassed a certain upper limit depending
on period, the index 9 was estimated. Finally, the indices
were transformed into average peak-to-peak amplitude
values, in nT, taking into consideration the known dynamic
response of the magnetometer. A more detailed description
of the procedure of analysis and particularly of index esti-
mation has been given by Korschunow (1969), Hollo and
Korschunow (1974), and Korschunow (1976, 1982).

Compared to more exact methods, such as analogue
or digital filtering, for example, the subjective reading
applied will yield peak—to peak amplitudes which may be
affected with rather large errors, in single cases. On the
other hand, it may be expected that these errors will largely
average out if the estimated data are used for statistical
purposes. In fact, different tests — analyses of records done
by different persons, repeated analysis of the same record
after some time, for example — showed that the estimated
amplitudes were reliable enough to serve as a basis for long-
term statistics such as in the present case (Korschunow,
1976)

Results
In general, in investigations of geomagnetic variations it
is advisable to distinguish between quiet and disturbed in-
tervals of time because results of any analysis may be very
different in the two cases. Correspondingly, and because
derivation of average daily variations of pulsation activity
was the aim of the present work, the whole set of estimated
indices and corresponding amplitudes was subdivided ac—
cording to the following three classes of days in UT:
q-days (quiet) Ap g 8
m-days (moderately disturbed) 8 < Ap g 25
d-days (disturbed) 25 < Ap.

Here, Ap is the daily planetary activity index defined
by Bartels (see, for example, Siebert, 1971). Note, that at
Fürstenfeldbruck the local solar day approximately coin—
cides with the UT day. The classification of days mentioned
was adopted by studying the statistical properties of Ap
indices for the years 1960—1968. It was found to be in agree-
ment with particulars given later on by Siebert (1971).
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Fig. 1. Average daily variations of geomagnetic pulsation intensity
in H (full lines) and D (broken lines) on a quarter-hourly time
basis for quiet days (q), moderately disturbed days (111), disturbed
days (d), and all days, for the period range 5—10 s corresponding
to the pc 2 range of periods. LN denotes average local noon at
Fürstenfeldbruck

Finally, from the quarter-hourly estimated single values,
diurnal variations of the average peak-to—peak amplitude
of geomagnetic variations at Fürstenfeldbruck were deter—
mined for the three different classes of days (1994 q-days,
1947 m-days, 460 d—days) as well as for the whole set of
4401 days from 1960 to 1971, for the two horizontal field
components, and for the four period ranges defined above.
The results are shown in the Figures 1—4. Note that the
ordinate scales are different from case to case.

One point seems to be particularly evident when regard-
ing these results: For any particular period range chosen,
the character of the curves remains rather similar for the
different classes of days (q, 111, or d), for each horizontal
component, whereas this character changes considerably
going from one period range to another. This feature
implies that the mutual interplay of the H- and D-compo-
nents in each period range remains strikingly constant i.e.
unaffected by the state of magnetic activity.

A second point should also be mentioned. If one careful—
ly observes and compares the curves presented one may
notice certain non-statistical properties in the fine structure
of the curves. This is especially true for the period range
of pc 2 (Fig 1) where, during daytime, all the curves exhibit
large quasi-periodic oscillations with a periodicity of 2 h,
the maximum values appearing at about 10,45, 12,45, 14,45,
16,45, and — though somewhat faint — at 18,45 UT, for
all classes of days and both field components. The origin
of this persistent effect is open to discussion. However, it
should be mentioned that the observatory of Fürstenfeld—
bruck is situated about 25 km from the center of Munich,
and that since the installation of the pulsation magnet—
ometers a continuously increasing level of man-made elec-
tromagnetic noise, which seems to affect particularly the
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pc 2 period range, in our case, has been observed. On the
other hand, it has not as yet been possible to identify any
clear artificial source which might result in the oscillations
mentioned above.

In the period range of pc 4 (Fig. 3) the curves also seem
to exhibit some degree of periodicity, of 2 h and 20 min,
in this case. This is shown more clearly if smoothed curves
are considered (Fig. 5).

Such daily variation curves were derived from the un-
smoothed quarter—hourly values x,- represented in Fig. 1—4,
using the smoothing process .îri: (xi- 1 +2X1+x1+ 1)/4. The
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smoothed curves are shown in Fig. 5, for all days, for the
four period ranges, and for the two field components. Ac-
cording to these curves, any noticable periodicity seems to
be absent in the cases of the period ranges of pc 3 and
pc 5. Again, explanation of the phenomenon in the pc 4
period range remains open, especially since inspection of
the records suggests that artificial disturbances are absent
for periods larger than about 10 s.

Figure 5 represents the main results of this paper which
may be compared to similar results from other observator-
ies. The curves shown exhibit the average daily behaviour
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corresponding values shown in Fig. 5, as functions of UT. The results of averaging the ratios over 00—24 UT are given in brackets

of peak-to-peak amplitude of geomagnetic pulsations for
the different ranges of period and the two horizontal field
components, and may serve as master curves for different
purposes.

Though the character of the curves does not depend
much on magnetic activity, as discussed above, the level
of peak-to-peak amplitude generally increases going from
q-days to d-days. It is of interest to note how this increase
depends on time of day. Accordingly, Fig. 6 shows the
ratios of the quarter-hourly values from Fig. 1—4 to the
corresponding smoothed values represented in Fig.5. In
addition, daily averages of these ratios, combined for both
field components, are also given in Fig. 6. This figure shows
that the relative increase of peak-to-peak amplitude from
q*days to d-days becomes appreciably larger going from
the pc 2 period range to the range of pc 5, for example
from 1.6 (=1.49/0.95) te 9.1 (=3.57/0.39) if daily averages
of the ratios are considered, combined for both field compo-
nents. With increasing period, the ratios decline for q-days,
whereas the opposite is true for d—days. Note, that no ratios
are given in Fig. 6 for night time between 20 UT and 04 UT
for the pc 2 range of periods because the nominators are
very small and are considered to be unreliable in this case.
Similarly, the ratios exhibited for d—days in the pc 3 period
range between about 00 UT and 06 UT should be regarded
with reservation.

The Fürstenfeldbruck Method
of Statistical Analysis of Pulsation, Records
in Rotation to Other Work

Several good reviews exist in the literature concerning the
wide field of geomagnetic pulsation analysis (for example,

Saito, 1969; Jacobs, 1970). Troitskaya et a1. (1972) gave
a review on different indices of geomagnetic pulsations in
use, stating that “ only the practice of long term exploitation
of an index can answer the question of its utility". In his
review on geomagnetic activity indices Boubka (1977) dis-
cussed several methods to derive pulsation indices from an-
alogue records. Among those particular workers who intro-
duced geomagnetic pulsation activity indices Saito (1965),
Auld and Caner (1971), Frey et a1. (1971), Hello et a1.
(1972), Hollb and Verb (1972), Verb (1972), and Tatrallyay
and Verb (1973) should be mentioned. Such work should
be distinguished clearly from another type of statistical
analysis of long term geomagnetic pulsation records, name-
ly the investigation of the occurrence of clearly sinusoidal
trains of pulsations (i.e. pc type pulsations) (see, for
example, Kato and Watanabe, 1956; Saito 1964; Münch,
1965; Usher and Stuart, 1966; Hirasawa, 1969; Kato et al.,
1967; Gupta and Stening, 1971; Gupta, 1976; Olson and
Rostoker, 1978).

In comparison to this and other similar work, the Fur-
stenfeldbruck set of geomagnetic pulsation activity indices
is unique in the following respects:

a) A total time interval of 12 years, i.e. of a complete
solar activity cycle, is covered without gaps.

b) Both horizontal components have been analyzed in
the same way.

c) A high time resolution (15 min) has been preserved
throughout the whole process of analysis.

d) The indices derived are suitable for direct conversion
into average peak-to-peak amplitude, at different frequen-
cies. This will facilitate future comparison with other results
from the statistical analysis of pulsations, at other observa-
tories, or for other solar cycles, for example.
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Conclusions

The most remarkable result of the present analysis seems
to be that the character of the daily variation of the average
peak—to-peak amplitude of geomagnetic pulsations within
the four period ranges considered does not seriously depend
on magnetic activity. Accordingly, it may be concluded that
the magnetospheric generation of pulsations in the period
range 5 s—450 s certainly increases in strength when the
magnetosphere is disturbed but at the same time seems to
preserve its character.

This homogeneous analysis of geomagnetic pulsations
covering several years should be regarded as a pilot experi-
ment. With modern electronic equipment a much more
sophisticated and somewhat better defined permanent anal-
ysis of pulsations should be possible. Promising efforts in
that direction have recently been reported by Auster et al.
(1973), Auster and Schiller (1975), and Auster and Linthe
(1979), for example.
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Anelasticity of the earth’s material causes attenuation
and dispersion of seismic waves. The preliminary refer—
ence Earth model (PREM) introduced by Dziewonski
and Anderson (1981) accounts for anelastic dispersion.
With given quality factors Qu and Qk the dependence of
compressional and shear wave velocities oc and ‚ß on the
period T is expressed as follows in relation to the
corresponding velocities at the reference period T0=1s
(T’=T/TO):

l
/

ammo.) (1— HT {(1—E)Q,:1+EQ;1}) <1)
1

I[3(T)=B(To) (1 — :QT) (2)
2

where
E=§—2

and T is expressed in seconds, Q;1 :Q;1
oc

and Q;1=EQ;1+(1—E)Qk“1. Since E appears only in
a correction term it can be assumed constant and equal

0 352m)
3 oc2(T0)
Kanamori and Anderson (1977) have shown that

Eqs. (1) and (2) are valid for a constant Q in the seismic
frequency band. If Q is assumed to retain its constant
value of the seismic frequency band also in the tidal
frequency band (see e.g. Smith and Dahlen, 1981) the
influence of dispersion on the tidal response of the
earth can easily be determined.

With this assumption, which may not be a realistic
one, Love’s numbers h and k, Shida’s number I, the
gravimetric factor ô and the tilt factor y have been
calculated for forcing periods from 5 to 350h for the
equivalent isotropic model PREM listed in Table 2 of
Dziewonski and Anderson (1981). For the calculation
of these earth tide parameters the first 3km of the
model which are assumed to be composed of water are
replaced by material with the properties oc(T0)
=4.66kms—1, ‚3(T0)=2.56kms‘1 and density p
=2.16gcm‘3 resulting in a slight change of gravity at
the surface (gO=981.75 gal instead of 981.56 gal). These

in the calculation of oc(T).

Contribution No. 246, Geophysikalisches Institut, Universität
Karlsruhe

changes are for computational ease and do not signifi-
cantly affect the results.

Figure 1 shows the total dependence of the tidal
parameters on the forcing period, comprising the inertia
effect and the dispersion effect. In the semi—diurnal and
diurnal tidal band the influence of the resonance in the
free oscillations frequency band is still apparent. The
liquid core resonance in the diurnal tidal band does
not exist here because it is a consequence of the flatten-
ing of the core-mantle boundary and in SNREI model
calculations this boundary is assumed to be spherical.
In Table 1 the numerical values of the parameters are
listed for different tidal periods.

The isolated velocity dispersion influence is repre-
sented in Fig. 2 by showing the difference between the
parameters of Fig. 1 and the corresponding parameters
calculated for PREM with frequency-independent velo-
cities (OC(T)EO((TO) and ß(T)Eß(TO)). The differences are
of the order of 10‘3; there is an increase of Ah, Ak, Al
and Aô and a decrease of Ay with increasing period.
The effects of Ah and Ak are nearly compensated in the
change of the gravimetric factor A6 so that in gravi-
meter measurements dispersion effects in the tidal fre-
quency band remain concealed behind other disturbing
influences. As Merriam (1981) has noted the optimism
of Bodri and Pedersen (1980) in this respect is un—
founded.

For the calculation of complex tidal Love numbers
three remarks may be of interest:

1) The real parts k and u of the complex moduli,
1.e.

K=k(1+iQ,:1), (3)
M:u(1+iQ;‘)‚ <4)

contain frequency dependent terms of relative magni-
tude 0(Qk‘1) or O(Q;1) respectively resulting from the
frequency dependent parts of oc and ß shown in Eqs. (1)
and (2).

2) The magnitude of the complex Love numbers is
given by their real parts if terms of relative order
0(Q‘2) are neglected. This follows from the fact that
their imaginary parts are of relative order 0(Q‘1) as
can be shown analytically for an incompressible homo—
geneous earth model (compare Love 1944, pp. 257—259).

3) The real parts of the complex Love numbers can
be calculated in a similar way to the Love numbers for
an elastic earth model if terms of relative order O(Q“2)
are neglected. This can be shown analytically for the

compressional modulus
shear modulus

0340-062X/82/0051 /0147/s01.00
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Fig. l. Earth tide parameter dependence on period of forcing field (h and k Love’s numbers, l Shida number, ö gravimetric
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Table 1. Earth tide parameters for different tidal constituents, calculated for PREM including disper-
sion effect

Constituent Period [/1] h k l ö y

MSm 763.487 0.61415 0.30389 0.086707 1.1583 0.68974
Mf 327.859 0.61356 0.30356 0.086549 1.1582 0.69000
O1 25.819 0.61250 0.30290 0.086109 1.1582 0.69040
Kl 23.934 0.61256 0.30292 0.086101 1.1582 0.69036
M2 12.421 0.61435 0.30375 0.086086 1.1587 0.68939
S2 12.000 0.61455 0.30384 0.086090 1.1588 0.68929

l10.10'3—l

/

Ah

1
.

5'10“34
Ak

_/’” —AV
//’f
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J/f A6 Fig. 2. Isolated dispersion effect on
—f earth tide parameters for PREM,
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incompressible homogeneous earth model cited above.
The validity of this statement can however also be
demonstrated for an inhomogeneous compressible earth
model. In this case the following equations have to be
solved:

Ad):——47IG(pl7-s+S-I7p) (5)
V'T—p174+V(pg'S)—gV-(p8)+w2ps=0 (6)
where

l7— T=(k+%,u)l7V-s—,ul7>< l7><s+l7‚u- Vs

+l7(s~l7,u)—s-VVu+l7-sl7(k-—%,u), (7)

G gravitational constant, p density, g gravity, (6 disturb-
ing potential, a) circular frequency, s displacement, T
stress tensor.

For a dissipating earth complex moduli K and M
have to be introduced by Eqs. (3) and (4) and cor-
respondingly the disturbing potential (1) and the dis-
placement s have to be assumed to be complex with
imaginary parts of relative order 0(Q‘1). Then the real
parts of the resulting complex equations are still of the
form given by Eqs. (5), (6) and (7), containing only the
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real parts of qb and s if terms of relative magnitude
0(Q‘2) are neglected. Actually to each radially varying
function in qb and 5, resulting from the separation of
variables, must be attributed a proper Q value which
has to be determined by the solution of the imaginary
parts of the complex equations.
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Comments on
“Palaeomagnetism of Upper Cretaceous Volcanics
and Nubian Sandstones of Wadi Natash, SE Egypt
and Implications for the Polar Wander Path
for Africa in the Mesozoic”
by A. Schult, A.G. Hussain, and H.C. Soffel
J. Geophys. 50, 1&22, 1981

P.W. Schmidt and B.J.J. Embleton
CSIRO Division of Mineral Physics, PO. Box 136, North Ryde, Australia 2113

Key words: Palaeomagnetism of Africa and Australia — Me-
sozoic polar wander path — Gondwana continent

The conventional interpretation of African Mesozoic pa-
laeomagnetic data has recently been challenged by Schult
et al. (1981; see also Hargraves and Onstott, 1980). Pre-
viously it had been believed that the African data showed
no significant apparent polar wandering (APW) during the
Mesozoic, and indeed it was thought that the Mesozoic
represented a ‘quasi-static interval’ (Briden, 1967).

Similarly Mesozoic APW of Australia was also thought
to be minimal (Irving et a1., 1963) although as intercontin-
ental comparisons became more accurate through the use
of marine magnetic anomalies (Le Pichon and Heirtzler,
1968) and computer matching of continental shelves (Smith
and Hallam, 1970), the anomalous nature of the Australian
results was soon realised (Irving and Robertson, 1969;
Creer et a1., 1969; McElhinny and Embleton, 1974). This
encouraged further palaeomagnetic research and subse-
quently it has been shown that contrary to the above, the
early Jurassic and Cretaceous Australian poles are quite
distinct (Schmidt, 1976) and the Jurassic results are consis-
tent with those from Africa. The discrepant Cretaceous
results reflected the disintegration of the Gondwana super—
continent during the late Mesozoic.

More recently Schmidt and Embleton (1981) have
shown that a third group of Australian Mesozoic poles
exists indicating that eastern Gondwana was much more
mobile during the Mesozoic than was earlier thought. Me-
sozoic APW path for Australia thus forms an anti-clockwise
loop (Coral Sea loop) when the south poles are viewed.
This is apparently in the opposite sense to those loops pro—
posed for Africa (cf. Fig. 5 of Hargraves and Onstott, 1980_ ‚ Fig. l. Mesozoic palaeomagnetic poles of Australia listed in Ta-
and Flg- 6 0f SChUIt et 31-» 1981)~ Schult et a1. support thelr ble 1, a plotted with respect to Australia and b plotted with respect
_______ to Africa after correcting for relative motion between Australia
Reprint requests to. B.J.J. Embleton and Africa from rifting to 100 m.y. ago
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Table 1. Mesozoic palaeomagnetic poles for Australia

151

Pole Formation Age m.y. Pole Rotateda
position

S E 0(95 S E

1 Garrawilla volcanics 193 46 175 10 58 90
2 Victorian basalt 190 47 186 18 66 91
3 Jurassic intrusives 185—170 51 186 11 66 81
4 Tasmanian dolerite 170 51 175 6 59 80
5 Kangaroo Is basalt 170 39 183 — 62 107
6 Barrenjoey dyke < Triassic 53 182 4 64 77
7 Minchinbury dyke < Triassic 56 179 8 62 70
8 Collaroy dyke <Triassic 53 180 5 63 77
9 Hornsby breccia < Early Jurassic 29 166 7 45 110

10 Bendigo dyke 150 17 162 16 34 119
11 Gosses Bluff 133 13 164 4 33 124
12 Bunbury basalt > 100 49 161 10 69 105
13 Cygnet complex 100 53 158 11 69 93
14 Mt Dromedary complex 100 56 153 10 68 82

a Euler poles based on Norton and Sclater (1979):
‘Fit’ 24.6 N, 119.6 E and an angle of —50.0
‘ 100 m.y.’ 22.8 N, 97.0 E and an angle of —33.2

interpretation of the African results by comparing them References
with those from South America. Again they describe a
clockwise loop, if the south polar path is observed.

The purpose of the present article is two—fold. First we
wish to draw attention to the loop in the Australian Meso-
zoic APW path, adding our support for the existence of
such loops in the paths of Africa and South America and
second, we should like to take the opportunity to point
out that although the sense of the Australian loop appears
to be the reverse of the African and South American loops,
the loops are actually compatible when observed in their
proper context. As mentioned above, some time between
the early Jurassic and the Cretaceous, the Gondwana super—
continent broke up. During the Cretaceous, while Africa
and South America remained close together, Australia, Ant-
arctica and India moved eastward thus acquiring APW
paths quite independently of Africa and South America.
To compare APW paths of continents in relative motion
the paths must be reduced to a common reference frame.
This is easily achieved using the Euler poles published by
Norton and Sclater (1979) which describe the formation
of the Indian Ocean. Figure 1 shows the effect of this cor-
rection when applied to the Australian data listed in Ta-
ble 1. The Euler rotation used for the pre-Cretaceous poles
is the ‘fit’ pole of 24.6 N, 119.6 E with an angle of 500,
while that used for the Cretaceous poles is an interpolated
rotation, 22.8 N, 97.0 E with an angle of 33.20, correspond-
ing to 100 m.y. Interpolation is used since Norton and
Sclater (1979) give Cretaceous rotations only for the times
80 m.y. and 115 m.y. while the ages of the rock units are
thought to be closer to 100 m.y. The transformation con-
verts the anti—clockwise loop as observed with respect to
Australia into a clockwise loop with respect to Africa, in
agreement with the African and South American loops.
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Book Reviews

Geothermal Systems: Principles and Case Histories, edited by L.
Rybach & L.J.P. Muffler, XIV+359 pp. John Wiley & Sons Ltd.,
Chichester, New York, Brisbane, Toronto, 1981
This collection of twelve articles by twenty one contributors con-
tains seven papers concerning principles and five papers presenting
case histories of selected geothermal areas. The book represents
scientific aspects related to geothermal energy; less attention is
given to economical and technical problems. Therefore, scientists
working on geothermics as well as those who are interested in
that subject will find topical chapters bearing on the problem of
heat extraction from shallow depths as well as of heat and mass
transfer within areas favoured for exploration and exploitation
of geothermal energy.

Chapter 1. Geothermal Systems, Conductive Heat Flow, Geo-
thermal Anomalies by L. Rybach gives a very readable short intro-
duction into general aspects of geothermics with a good physical
background. It leads to find a way into mathematical modeling
of heat transfer problems and it provides an understanding of irre-
gularities in the thermal state of the lithosphere caused by the
mechanism of plate motion.

Chapter 2. Convective Heat and Mass Transfer in Hydrother-
mal Systems by S.K. Garg and D.R. Kassoy outlines the principles
for mathematical modeling to this very topic in a pleasant form
with an application to selected prominent geothermal fields.

Chapter 3. Prospecting for Geothermal Resources by J .T. Lumb
is an attempt to compile results that are related to the exploration
of geothermal energy. In this chapter, the treatment of additional
principles of the applied techniques would be of help for the reader.
Also the quantitative treatment related to their usefulness to detect
heat reservoires received little attention.

Chapter 4. Application of Water Geochemistry to Geothermal
Exploration by R.O. Fournier is a valuable contribution of geo—
chemical methods to estimate the reservoir temperature in the stage
of exploration as well as during production.

Chapter 5. Heat Extraction from Geothermal Reservoirs by
LG. Donaldson and MA. Grant discusses briefly principles of
extraction. The authors’ experience of geothermal fields in New
Zealand with reservoirs of different permeability is well repre-
sented.

Chapter 6. Geothermal Resource Assessment by L.J.P. Muffler
sheds some light and gives an update on a resource assessment
for selected geothermal fields. The uncertainties and difficulties
for an assessment of the amount and usefulness of geothermal
energy are discussed. This problem gained in significance during
the last decade in an unexpected manner.

Chapter 7. Environmental Aspects of Geothermal Development
by MD. Crittenden, Jr. covers problems which arise with the utili—
zation of geothermal energy. The author judges the environmental
effects to be small compared with those of other energy sources.

The second part of the book is concerned with the case histories
of a few carefully selected geothermal areas. The data are not
easily obtainable elsewhere. Each contribution of this part repre-
sents the state of the art of exploration techniques for and the
utilization of geothermal energy.

Chapter 8. The Low Enthalpy Geothermal Resource of the
Pannonian Basin, Hungary by P. Ottlik, J. Galfi, F. Horvath, K.
Korim and L. Stegena gives well presented a general view of the
thermal condition of the basin including geological aspects and
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hydrogeological characteristics. The huge amount of exploited
thermal water is reported to be utilized in a wide range of purposes.

Chapter 9. Exploration and Development at Takinoue, Japan
by H. Nakamura and K. Sumi represents an excellent example
for applying geological, geochemical and geophysical methods to
explore a geothermal field that has been developed to a power
plant of 50 MW.

Chapter 10. The Krafla Geothermal Field, Northeast Iceland
by V Stefansson outlines the favoured location of Iceland for
geothermal energy. The exploration of the geothermal field as well
as its further development demonstrate particular characteristics
in neovolcanic zones.

Chapter II The Geothermal System of the Jemez Mountains,
New Mexico and its Exploration by A.W Laughlin explains a
geothermal system on a major structural discontinuity with young
volcanism. Besides hydrothermal exploration, the “Hot Dry
Rock” geothermal energy extraction method at the Fenton Hill
site is outlined.

Chapter 12. Extraction-Reinjection at Achuachapan Geother-
mal Field, El Salvador by G. Cuéllar, M. Choussy and D. Escobar
gives an example of the influence between the rate of extraction
pressure as well as temperature and the rate of reinjection into
the reservoir.

The detailed index of the book is worthy to be recognized sepa-
rately.

Giinter Buntebarth

C.N. Garagunis: Hydrogeologische Untersuchungen der Thermal-
und Mineralquellen in östlichen Mittelgriechenland. Steirische Bei-
träge zur Hydrogeologie, 30, 82 S., Graz, 1978. In German, with
an English summary. 25 figures, 1 map.

The booklet gives an excellent review the thermal waters of Eastern
Mid-Greece, presenting the geological and geophysical works car-
ried out on the area. The thermal water occurrences are concen—
trated on the environment of the Golf of Mali, around Thermopyle
(=Thermal gate), including the famous spa of Kammena Vourla.
This thermal area is characterised by considerable Plio- Pleistocene
volcanic activity, by high heat flow (about 100 mW/mz) and lies
on the main strike—slip fault which borders the Macedonian and
Aegean-Anatolian microplates. The thermal waters are deep-carstic
waters of meteoritic origin which came on the surface along faults
gravitationally. It is to add however two important facts to this
simplified model]. (a) During their subsurface migration, the
waters communicate with the young volcanic activities of the area
of investigation, as demonstrated by the high radioactivity and
C02, H28 content of the mineral springs. The high (33~83 OC)
temperature of the springs is also originated by volcanic influences;
this latter seems to determine the mentioned high heat flow density
on the area. (b) Along the coast line of Gulf of Mali, a considerable
seawater encroachment was determined into the freshwater, by
chemical (sodium, bromium and iodium) analyses. The mean con-
tribution of seawater is of about 25%, for the whole springs. This
mixing rate was supported by isotopic (018) measurements too.
— C14 measurements show that the modell-age of the spring waters
is higher than 15,000 years.

The work can serve as a guideline of methodology, for similar
regional studies.

Lajos Stegena
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Abstract. The amplitude of the Pg phase, as recorded in
explosion seismology studies, is analyzed with the aid of
synthetic seismograms. Parameters such as source fre-
quency, low-velocity cover above the crust (sediments or
weathered layer), low-velocity layers within the upper crust,
velocity gradients, thickness of the gradient zone, attenua-
tion and Poisson’s ratio strongly influence the amplitude-
distance pattern of the Pg phase. A systematic study clearly
shows that different models of the continental upper crust
display distinct amplitude-distance characteristics. These
models could not be distinguished by travel-time interpreta-
tion alone.

In the presence of gradient zones the amplitude—distance
curve shows different patterns depending on the source fre-
quency. The higher the frequency, the more pronounced
are the relative maxima in the amplitudes. The presence
of a low—velocity cover at the surface accentuates the char-
acter of the amplitude—distance curves even if the cover
is thin (a few hundred meters). Moreover, a low-velocity
cover produces P to S conversions and multiples following
the Pg which obscure possible secondary crustal phases.
The thickness of the velocity gradient zone influences the
amplitude decay and the width of the relative maxima.
Low—velocity layers within the upper crust cause a faster
drop-off of the amplitudes than would be expected from
ray theory. Detailed Pg amplitude studies are thus useful
in improving the knowledge of the physical properties of
the upper continental crust. The application of the derived
criteria to two sets of real data allow us to determine fine
details of the velocity-depth function which are of great
importance for the understanding of the earth’s crust.

Key words: Explosion seismology — Upper continental crust
— Seismic amplitude — Source frequency — Low-velocity
layer — Velocity gradient.

Introduction

Understanding the fine structure and physical properties
of the continental crust is one of the principle goals of
explosion seismology. Interpretation of seismic refraction
data using traditional travel-time methods gives only a
* Contribution No. 383 Institute of Geophysics ETH—Zürich,

Switzerland

Oflprint requests to .' J. Ansorge

rough picture of the velocity-depth structure. The increasing
use of the ray tracing interpretation techniques and meth-
ods derived from the Herglotz-Wiechert travel—time inver—
sion (including r-p methods) result in velocity models of
the upper crust that include velocity gradients which are
very often poorly defined. In fact, layers with constant ve-
locity, the simplest model, fit the travel-time data equally
well in most cases. Healy (1963) has shown that very differ-
ent velocity-depth models, from homogeneous layers to
continuous gradient zones can fit equally well the travel-
time data for a particular phase. However, as will be shown
below, the amplitude-distance character of these models
may be significantly different. At present, either very de-
tailed travel-time information or amplitude studies are the
only techniques available for accurate determination of
velocity gradients in the earth’s crust.

In the following discussion, we use the term upper crust
for the upper 10—15 km of the crystalline continental base-
ment lying immediately beneath the surface sediments and
above the lower crustal layer. The P—wave velocity of the
upper crust normally varies between 5.7 and 6.3 km/s.
These velocities are characteristic of sialic rocks at the ap-
propriate upper crustal temperature and pressures. The
compressional seismic wave critically refracted (head wave)
in the upper crust is usually called Pg. In explosion seismic
studies, the Pg phase is normally recognized as the first
arrival in the distance range of about 10—100 km. The nota—
tion Pg is also used in earthquake seismology studies but
in these cases it often refers to a different phase at larger
distances.

Studies of the Pg phase recorded in refraction profiles
(Miiller and Fuchs, 1976; Müller and Mueller, 1979; Banda
and Ansorge, 1980; Braile et al., 1982) have shown how
amplitude information can be used to greatly reduce the
range of models fitting the travel-time interpretation. As
refraction surveys are becoming more detailed, with closely
spaced recordings and improved amplitude control, we feel
that the qualitative comparisons attempted so far in most
amplitude studies are not enough, and that understanding
the variation of Pg amplitudes as a function of various
parameters will provide further insight into the velocity
structure of the upper crust. In turn, this information will
serve as a basis for comparison with laboratory measure—
ments and petrological studies leading to a better knowl—
edge of the physical properties of the basement.

In this paper we discuss, on the basis of synthetic se—
ismograms, the Pg amplitude-distance curves and their vari-
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ation with parameters such as frequency content of the
source, presence of low-velocity cover and of low-velocity
layers within the upper crust, velocity gradients, thickness
of the gradient zone, attenuation (Q‘ 1) and Poisson’s ratio.
We also present examples of amplitude-distance modelling
for observed Pg amplitude data from central Europe and
western North America.

Methods of Computation

Synthetic seismograms can at present be calculated by a
variety of methods. For our purposes we have used the
reflectivity method developed by Fuchs (1968) and Fuchs
and Müller (1971) with the fundamental modification by
Kind (1978) and the asymptotic ray method described by
Cerveny et a1. (1977). These two methods and others have
been extensively discussed in the literature (see Chapman,
1978 and Spudich and Orcutt, 1980 for reviews).

Since the objective of this paper is to describe in detail
the amplitude-distance behaviour of the Pg wave and to
understand related later arrivals (multiply reflected, re-
fracted and/or converted), we have used mainly the reflecti—
vity method. The modification by Kind (1978) includes
these secondary effects by taking into account the free sur-
face and placing the source in the reflectivity zone. This
technique requires velocity models consisting of laterally
homogeneous and isotropic layers. Velocity gradients are
approximated by a stack of thin layers with small velocity

contrasts. For our computations we have used thicknesses
corresponding to less than one wavelength of the frequency
range considered.

Record sections of the vertical component of ground
displacement have been calculated for all the models with
a distance interval of 5 km between 0 and 100 km (Fig. 1).
Except where stated, the VP/VS ratio was assumed to be
V? (Poisson ratio=0.25) and the QP values were fixed at
100 for the sediments or weathered layer and at 500 for
the basement with QS equal to 4QP/9. The depth of the
source was fixed at 100 m depth.

All record sections were plotted with a reduction veloci—
ty of 6.0 km/s and the amplitudes of each trace were multi-
plied by the distance for a more accurate reading of the
amplitudes (Fig. 1). Amplitudes were read taking the maxi-
mum (peak—to-peak) of the first cycle (reading the first pulse
has given identical results for theoretical seismograms). Fi-
nally the amplitude readings were plotted as function of
distance, as shown in Fig. 1.

The phase velocity interval used to determine the range
of angles of incidence over which the reflectivity program
integrates was 0.2—0.4 km/s below the minimum velocity
in the models and 1.0—2.0 km/s above the maximum. This
range includes all of the compressional and shear waves
of interest propagating in the upper crust. The large phase
velocity range leads, especially for high frequencies, to very
long computer runs (e.g. for the model in Fig. 1, 23.3 min
CPU time on a Cyber M0722A). However, it is worthwhile
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Table 1. Model parameters

Model Lower Layer VP Number Gradient
limit thick- of
of layer ness layers
(km) (km) (km/s) (km/s/km)

PG1 2.0 2.0 4.0 2 0.0
15.0 13.0 6.0 5 0.0 _
20.0 5.0 6.5 2 0.0

PG3 2.0 2.0 4.0 2 0.0
15.0 13.0 59—61 5 0.015
20.0 5.0 6.1 2 0.0

PG6 2.0 2.0 4.0 2 0.0
15.0 13.0 5.75—6.25 5 0.038
20.0 5.0 6.25 2 0.0

PG11 2.0 2.0 4.0 2 0.0
15.0 13.0 5.5—6.5 5 0.077
20.0 5.0 6.5 2 0.0

PG11K 2.0 2.0 4.0 2 0.0
7.0 5.0 5.5—5.885 5 0.077

20.0 13.0 5.885 3 0.0
PG11KK 2.0 2.0 4.0 2 0.0

10.0 8.0 5.5-6.12 10 0.077
20.0 10.0 6.12 2 0.0

PG11L 2.0 2.0 4.0 2 0.0
7.0 5.0 555885 5 0.077

12.0 5.0 5.5 1 0.0
20.0 8.0 6.3 1 0.0

PG11LL 2.0 2.0 4.0 2 0.0
10.0 8.0 5.5—6.12 8 0.077
15.0 5.0 5.5 1 0.0
20.0 5.0 6.3 1 0.0

PG12 2.0 2.0 4.0 2 0.0
15.0 13.0 6.1—5.9 5 —0.015
20.0 5.0 6.5 2 0.0

PG22 2.0 2.0 4.0 2 0.0
15.0 13.0 5.3~6.7 5 0.108
20.0 5.0 6.7 2 0.0

SULZ3 1.0 1.0 4.5 2 0.0
1.3 0.3 4.8—5.6 1 2.67
5.0 3 7 56—59 5 0.081

10.0 5.0 59—61 7 0.04
21.0 11.0 6.1 2 0.0

SULZ4 1.0 1.0 4.3 2 0.0
1 3 0.3 4.8—5.6 1 2.67
6.3 5.0 5.6—6.0 6 0.08

17.0 10.7 6.0 2 0.0
SULZ6 1.0 1.0 4.6 2 0.0

5.7 4.7 56—595 7 0.074
8.2 2.5 595—60 4 0.02

17.0 8.8 6.0 1 0.0
SULZ7 1.0 1.0 4.6 2 0.0

5.7 4.7 56—595 7 0.074
7.0 1.3 5.95—5.98 3 0.023

17.0 10.0 5.98 1 0.0

performing these computations to reveal the influence of
the sediments. Many tests were run before choosing the
best illustrative models for the purpose of this paper, which
are listed in Table 1.

To compare the performance of the reflectivity method
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Fig. 2. Amplitude-distance curves (peak-peak) of Pn phase for
model EC4 (Cerveny, 1979) computed using reflectivity (continuous
line) and using ray-method (dotted line)

with the asymptotic ray theory method, we started by deter-
mining the amplitude—distanCe curves for one of the models
published by Cerveny (1979) for which he used both meth—
ods (Fig. 2). Although this case deals with a gradient zone
in the upper mantle, the situation is analogous to a gradient
zone in the upper crust with a sedimentary layer above.
The ray method obviously sharpens the peak of the ampli-
tude-distance curve. This is because the asymtotic ray meth-
od represents a “high frequency approximation” to the
wave equation (Cerveny et al., 1977; Chapman, 1978). As
is shown below, similar results were obtained from other
computations in this study. The ray method is inexpensive
and for much of the available data and some crustal models,
which can also include lateral inhomogeneities, this approx-
imation is accurate enough. For more detailed studies, in
which the models can be approximated by flat homoge-
neous layers, the reflectivity method is more appropriate
and has therefore been used in this paper.

The synthetic seismograms computed in this study rep-
resent ground displacements instead of ground velocities,
as measured in observed seismograms. As shown in the
example in Fig. 3, for which both velocity and displacement
were calculated, the difference in the amplitude-distance
behaviour is not significant. At least for the models pre-
sented here, the results from displacement can thus be
applied directly to observed velocity data. Moreover, it
should be noted that the dominant frequency used in dis-
placement computations is increased when the displacement
seismograms are differentiated to obtain velocity (see
spectra in Fig. 3).
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Discussion of Model Parameters

Source Frequency

The frequency content of seismic refraction data varies from
about 2 Hz to more than 20 Hz depending on the shooting
technique, charge size, frequency response of the instrument
and local geological environment. Comparison of the shape
of the amplitude-distance curves for low frequency source
signals (~2 Hz) with those for high frequency (z8 Hz)
shows significant differences when velocity gradients are
truncated at shallow depth or low-velocity layers are pres-
ent in the model. For that reason we have computed most
of the models for frequencies 2—8 Hz.

Figure4 shows an example of the results for model
PGl 1K computed for 2.5, 4, 6 and 8 Hz dominant frequen-
cies. The fact that the velocity structure of the upper crust
changes, from a positive gradient (0.077 km/s/km) to zero
gradient at 7 km depth produces a different response of
the medium depending on the source frequency. The varia-
tion of amplitude with distance is more pronounced at the
higher frequencies. As discussed in more detail below, this
is due to the fact that shorter wavelengths are affected
mainly by the focusing effect of the gradient zone, thus
producing strong relative amplitude-maxima at a distance
of 45 km. At the same distance, longer wavelengths are
already affected by the homogeneous layer beneath the gra-
dient zone. Higher frequencies are thus more informative
in amplitude studies.
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Fig. 4. Amplitude—distance curves for model PGllK (upper right
inset) for frequencies of 2.5, 4, 5 and 8 Hz (Fourier spectra in
the lower inset) computed using reflectivity method (continous
lines). Dotted line corresponds to ray-method computation with
program SEIS4

For the same model, amplitudes were computed with
the asymptotic ray theory and are also displayed in Fig. 4.
As was to be expected, the ray method works reasonably
well for high frequencies, although the slope of the ampli-
tude decay is somewhat enhanced. Asymptotic ray theory
accounts for the influence of different frequencies on the
amplitudes of waves reflected at first order discontinuities
(Cerveny et al., 1977) but not for waves refracted from a
gradient zone (Banda, 1979). Therefore, if we are dealing
with good quality data, suitable for amplitude studies, it
is of fundamental importance to compute the theoretical
seismograms using the reflectivity, or other wave theory
method, with a source which has a dominant frequency
similar to that of the experimental data.

Thickness and Velocity Structure of Sediments

Qualitative differences in the character of the wave field
due to the presence of sediments are well known. Their
influence was studied quantitatively with models which are
identical except for the velocity structure of the sediments.

Figure 5 shows the results for models with 0, 0.2, 2 and
5 km of sediments overlying an upper crust containing a
velocity gradient of 0.077 km/s/km. Beyond about 60 km
the shapes of the amplitude-distance curves are essentially
identical. The most important difference is that even for
models with as little as 0.2 km of sediments, a relative maxi-
mum of the amplitude curve is observed which is missing
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Fig. 6. Amplitude-distance curves for model PG11 (2.5 Hz) with
different velocity structures of the low-velocity cover of the base-
ment (inset lower left)
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for the model without sediments. We interpret this as an
effect of the change of the angle of incidence affecting the
transmission coefficient. On the other hand, models with
a low-velocity cover alone and without a gradient in the
upper crust do not have a relative amplitude maximum.

Results for models with different velocity structures in
the sediments are displayed in Fig. 6, which show that there
is no significant difference in the overall shape of the Pg
amplitude—distance curves. However, the level of the ampli-
tudes at the local maximum around 60 km relative to the
amplitudes at 15 km is lower for sediments with a velocity
of 5 km/s than for those of 4 km/s or for sediments with
a velocity gradient starting with 4 kin/s at the surface. This
again is due to the fact that the angle of incidence is stee-
pened by the lower velocity at the surface, thus producing
higher P-wave amplitudes on the vertical component
seismograms studied here.

As a result, we can state that any influence of the thick-
ness and velocity structure of the sedimentary layer on the
amplitude-distance behaviour of the first cycle of the Pg
phase is restricted to shorter distances. However, the total
wave fields for models with and without sediments are radi-
cally different. Reverberations within the sediments and P
to S conversions result in conspicuous seismic phases that
appear after the Pg phase (Fig. 7, see also Fig. 1).

Thickness of Gradient Zone and Low- Velocity Layers

Significant differences in the amplitude-distance curves for
models having the same gradient but different thickness
of the gradient zone are shown in Fig. 8. The models include
structures with a continuous gradient between 2 and 15 km
(model P611), 2 and 10 km (model PG11KK) and 2 and
7 km (model PG11K) on top of a half Space. A decrease
in the thickness of the gradient zone leads to a faster drop-
off of the amplitudes with distance.

The introduction of a low-velocity layer below a gra-
dient zone between 2 and 7 km and 2 and 10 km (models
PG11L and PG11LL) show another interesting effect. A
significant shift of the maximum and a change in the slope
of the amplitude decay is evident when a low-velocity layer
is present at the same depth at which the gradient is termin-
ated (compare PG11K and PG11L in Fig. 8).

The influence of the frequency content of the source
in the presence of a low-velocity layer is shown in Fig. 9.
The main effects are to sharpen the maximum and to shift
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Fig. 8. Amplitude-distance curves for models PGli, PG11K,
PG11KK with variable gradient zone thickness (continuous, dos/zed
and dotted iines, respectively in the tower inset) and PG11L and
PGllLL with low-velocity layer at different depths (dashed and
continuous lines, respectively, in the upper inset) computed for a
frequency of 4 Hz

it to larger distances as the frequency is increased. Model
PG11L peaks very smoothly for 2.5 Hz at about 30 km
whereas it peaks sharply at 40 km for the higher frequen-
cies. The waves behave as if they “sense” the low-velocity
layer well before this would be expected from ray considera—
tions. To illustrate the effect of the truncated gradients,
the ray tracing for model PG11K is shown in Fig. 10. Here,
even though the gradient zone is terminated at a depth
of î km, we observe rays emerging at distances out to
58 km, which is in disagreement with the results from these
amplitude calculations. As stated above, a decrease in thick-
ness of the gradient zone causes the Pg-amplitude drop-off
to occur at smaller distances than expected. For models
PG11K and PG11L, in which the gradient zone is termin-
ated at 7' km depth, the amplitudes start deviating from
those of model PG11, whose gradient extends down to
15 km, at distance as short as 45 km. As is shown in Fig. 10
rays arriving at this distance reach a maximum depth of
only 4.9 km, which is well above the bottom of the gradient
zone. In fact, the distance between the turning point of
the ray and the bottom of the gradient zone is greater than
one wavelength (about 1.5 km at 4 Hz). This phenomenon,
which can not be explained by geometrical ray theory, is
analogous to the Fresnel—zone effect in the case of electro—
magnetic waves: the energy arriving at a receiver is due
not only to the ray propagating with minimal travel-time,
but, as a consequence of Huyghens’ principle, consists of
difractions interfering with each other, whose travel—times
are greater than that of the direct wave (Born, 1933). Modi-
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Fig. 10. Ray-trace for model PG11K, with the ray emerging at
45 km and the ray grazing the lower boundary of the gradient
zone emerging at 58 km (solid curves). The lower dashed eurue
shows the edge of the first Fresnel-zone (corresponding to a phase
shift of 772) while the upper dashed curve corresponds to a phase
shift of 774 for a signal with 4 Hz dominant frequency

fications of asymptotic ray theory which take this effect
into account have been introduced by various authors (see
Spudich and Orcutt, 1980 for a review). In particular,
Wiggins (1976) approximates the wave behaviour by en-
visaging the energy transported by a ray as being distributed
over a disk travelling with that ray, and constructs a synthet-
ic seismogram by summing the contribution of neighbour-
ing rays as their disks intersect the surface at the distance
of interest. As can be seen from the dashed ray—paths in
Fig. 10, the first Fresnel zone, which contains the most sig-
nificant contributions to the amplitude of the signal,
extends to a depth beyond the limit of the gradient zone
for energy arriving at a distance of 45 km. Thus, changes
in gradient will influence the amplitudes of waves with 1on-
ger periods at smaller distances than those with shorter
periods. This is also the reason for the marked shift of
the amplitude peak in models PG11L and PG1 1 LL between
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2.5 and 4 Hz, and for the frequency dependence shown
in Fig. 4.

Reflections originating from the low-velocity layer have
also been studied. Our results do not differ from those pub-
lished by Braile and Smith (1975), Smith et a1. (1975) and
further modified by Banda (1979): the reflection from the
tOp of the low-velocity layer will only be seen as a separate
phase when the upper crust has a very small or zero gra-
dient, the frequency is high enough and the transition is
nearly a first order discontinuity. In this case the interfer-
ence of Pg with the reflection changes the Pg amplitudes
at larger distances (this has not been studied in detail in
this paper). If the above mentioned conditions are not ful-
filled the Pg amplitudes will barely be affected by the reflec-
tion from the top of the low-velocity layer.

Variation of Gradients

It is well known that even a slight positive velocity gradient
greatly influences the amplitude of refracted phases
(Üervenÿ, 1966; Hill, 1971). Thus, we have tried to vary
systematically the velocity gradient in the basement models
in order to determine the corresponding amplitude-distance
curves. We have arbitrarily chosen the gradient to be linear.
Amplitudes for models with various gradients between
~—0.015 and 0.108 km/s/km were computed and are shown
in Fig. 11. From a comparison with a calculation for model
GP11 at higher frequency and from the discussion in the
previous section, it can be stated that, although these curves
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were calculated for 2.5 Hz, they are also representative of
higher frequencies as long as the gradient zones extend to
sufficient depth. The results shown in Fig. 11 illustrate that
small positive velocity gradients in the upper crust will be
resolvable by amplitude measurements on reasonably good
experimental data. For example, the amplitude-distance
characteristics of Models PG1 and PG6 are significantly
different although the velocity structure differs only by the
presence of a small (0.038 km/s/km) gradient in Model
PG6.

Attenuation (Qj

We have tested models with Q values for compressional
waves of 200, 500 and 2000 for the upper crust to investigate
the influence of attenuation upon the amplitude of the Pg
wave. The curves shown in Fig. 12 are not sufficiently dis—
tinct for us to infer apparent Q from Pg amplitude calcula—
tions. As already demonstrated by Hill (1971) a slight chan-
ge in the gradient could make up for the differences shown
in Fig. 12 without taking the attenuation into account. To
estimate Q in the basement one could use the method pro-
posed by Braile (1977) which requires that the Pg ampli-
tudes be modelled simultaneously with the amplitudes of
the reflection from the bottom of the upper crust. Alterna-
tively, if the geometrical spreading factors are sufficiently
well known, and the band-width of the source is broad
enough, it is conceivable that Spectral ratio methods (see
Bath, 1974 for a review) might be adequate to infer Q in
the upper crust.
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Poisson ’5 Ratio (0)

Seismic velocity studies of the crust show that a Poisson
ratio of 0.25 is in general a good average. However, in
some cases strong deviations from this value have been
found. The influence of a has been studied for a few models
with values 02—035. The resulting amplitude-distance
curves do not differ significantly from each other. Only
curves for models involving a sudden change of 0 at a
discontinuity produce distinct features in the Pg versus re-
flection amplitude ratio as already shown by Olsen et al.
(1979)

Examples of Data from the Black Forest (Germany)
and the Basin and Range (U.S.A.)

Between 1974 and 1980 several quarry blasts near Sulz,
southern Germany, were recorded along a 113 km long
profile running south along the eastern margin of the Black
Forest into the Swiss Alpine foreland. The first 2 s of the
resulting seismic record-section are shown in Fig. 13 togeth-
er with the travel-time curve corresponding to the ray-trace
model in the lower part of the figure. The ray tracing was
performed using the method of Gebrande (1976).

The velocity structure of the sediments (including a
wedge of late Paleozoic and early Mesozoic sediments with
P—velocity of 3.8 km/s between 0 and 40 km) and the shape
of the basement/sediments boundary were modelled to fit
the available bore—hole data (Buechi et al., 1965; Boigk and

Schoeneich, 1968; Lemcke et al., 1968). The velocity struc-
ture of the basement was then adjusted until the general
shape of the travel-time data was matched. No attempt
was made to model the local variations in sedimentary
structure and basement depth which produce the small time
discrepancies, limited to one or two consecutive records.
This applies particularly to the local anomaly between 94
and 101 km which, because of the poor signal to noise ratio,
cannot be resolved with these data alone.

For plotting convenience, the seismograms in Fig. 13
were trace normalized. The peak-to-peak amplitudes of the
first cycle were multiplied by the scale factor marked above
each seismogram to obtain the true particle velocity values
in um/s. The amplitude data for the Pg phase are plotted
as crosses with corresponding shot and station numbers
in Fig. 14.

The size of shot numberl was only 700 kg while the
others were around 2,000 kg, so that the corresponding am-
plitude values were multiplied by a correction factor of 1.4,
equal to the cube root of the charge ratio, which seems
to be appropriate for this specific quarry. The remaining
scatter seems to be independent of the shots, and although
it amounts to about a factor of two, the data define an
amplitude-distance behavior characterized by a rapid de-
crease in the first 20 km, a local maximum at about 40 km
and a smooth decay out to about 100 km.

In order to be able to apply the reflectivity method to
the data, the curved layers derived from the ray-tracing
technique were approximated by fiat layers in model
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Fig. 14. Amplitude data of Sulz-South record section (Fig. 13) (crosses with shot and station numbers) and amplitude-distance curves
for the four models shown in the tower inset and listed in Table 1.
four models

number 7 (insets in Fig. 14 and Table 1) and the sediments
were simplified to a single layer. The resulting synthetic
record section (vertical ground velocity with a dominant
frequency of 8 Hz) is reproduced at the top of Fig. 13. The
offset of the calculated amplitude—distance curve as a whole
was adjusted to the experimental data by a least-squares
method (Fig. 14, curve 7). For three other ray—trace models
which satisfy the travel-time data equally well, amplitude-
distance curves were calculated in the same way and plotted
in Fig. 15 together with their velocity-depth functions. This
illustrates some of the possible model variations. A compar-
ison between models 3 and 4 shows how a second gradient
zone of sufficient strength and extent can significantly in-
crease the distance at which the amplitude decay occurs.
Models 6 and 7 illustrate the effect of small changes in
the extent of a second zone with slight gradient. The loga-
rithmic standard deviations of data points from these curves
range between 0.23 and 0.27, which correspond to ampli-
tude factors of 1.7 and 1.9 respectively. The amplitude-
distance behaviour of the models presented here do not
differ from each other sufficiently to be able to discriminate
between them on the basis of this data alone. However,
as the insets in Fig. 14 show, the velocity-depth variations
of these models are very small, so that the results are good
evidence for a strong gradient (0.07—0.08 km/s/km) in the
upper 5—6 km of the basement.

It should be noted that computational techniques re-
strict us to consideration of flat-layered models for the am—
plitude modelling even though small lateral variations are
evident in the travel-time model for the Sulz data as shown

Tap inset shows an enlarged view of the gradient zones of the

in Fig. 13. Shooting up-dip over the first 50 km and down-
dip beyond that distance will have a slight focusing effect
on the rays, thus contributing somewhat to the observed.
relative amplitude maximum at that distance. However, be-
cause the lateral changes in velocity structure indicated in
Fig. 13 are small (note that the model is plotted with 2 ><
vertical exageration) and because the positive velocity gra-
clients in the flat—layered models which satisfy the amplitude
data also fit the travelwtime data modelled with a curved
sediment-basement boundary, we anticipate that the ampli-
tude-distance effects of the two-dimensional structure will
be negligible.

A very different amplitude-distance character of the Pg
phase is observed for the Basin and Range province of
the tectonically active western North American continent.
A Pg data-set from this region was analyzed for this study.
The seismic records are from the northern Basin and Range
(NBR) (shotpoints Mountain City, Eureka and Elko) in
Western United States and were originally studied by Hill
and Pakiser (1966) and presented by Prodehl (1970, 1979).

Partial record sections emphasizing the Pg arrivals for
the NBR data are shown in Fig. 15. The record sections
are from Prodehl (1979) and the travel-time curves shown
are the results of ray-trace modelling by Fauria (1981). Am-
plitudes of the Pg phase were read from the sections shown
in Fig. 15 and corrected for plot scaling factors using the
calibration signals presented on the original sections
(Prodehl, 1979). The Pg amplitudes were adjusted to
account for the differing shotpoints and plotted as a func—
tion of distance in Fig. 16. Although there is considerable
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scatter in these data (the range is illustrated by the shaded
area of the plot) it appears that Pg amplitudes for the NBR
decay rapidly with distance and do not display the local
maximum which was characteristic of the Sulz data and
which indicated a velocity gradient. In fact, the NBR Pg
amplitude data are fitted best by the PGl model consisting
of homogeneous upper crust. The scatter in the data shown
in Fig. 16 and the fact that the data represent a compilation
from several different refraction lines preclude more de-
tailed analysis. Note that the very small positive or negative
gradients (less than that for model PG3) and virtually any
Q value could be present in the upper crust of the NBR
based on these data alone. However, because no strong
gradient or low-velocity effects are observed in the ampli-
tude distance data, the upper crust in the NBR appears
to be nearly a homogeneous velocity layer.
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T‘l'— Fig. 15. Partial record sections of the Pg phase
O for the northern Basin and Range province.

Travel-time curves shown are the result of ray-
trace modelling by Fauria (1981)

Conclusions

The fine structure of the continental basement, i.e. the dis-
tribution of physical parameters with depth, can reveal sig-
nificant aspects of the crustal evolution and the interaction
of different crustal units as well as its thermal and composi-
tional history. Very often the upper part of the crust does
not show pronounced interfaces with discontinuities in ve-
locity and density. Vertical incidence reflection cannot
resolve velocity structure in the absence of distinct imped-
ance boundaries. On the other hand, combined travel-time
and amplitude analysis of refraction data can give more
detailed insight into the velocity structure. Therefore com-
bined reflection and refraction surveys should be carried
out in crustal investigations.

A representative velocity-depth structure requires either



|00000169||

- NORTHERN BASIN AND RANGE- Pg AMPLITUDES
I I I I I I

MTN CITY-EUREKA
EUREKA-MTN CITY

ELKO-BOISE
ELKO-EUREKA

OO
IODE

lllLll
ÎIIÎÏII

RELATIVE

AMPLITUDE I

o 4o 80'"
"

I20
XCkm)

Fig. 16. Amplitude—distance data for the Pg phase for the NBR
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calculated by the reflectivity method are shown for models PG1,
PG3 and PG12 (Table 1)

detailed and highly accurate travel-time data, i.e. a spacing
of observation points on the order of a few hundred meters,
or a combination of travel-time and reliable amplitude data
obtained from an average record spacing of a few kilome-
ters. The following conclusions drawn from this study can
help to achieve a better interpretation of the amplitude data
and hence lead to a more reliable estimate of velocity-depth
structure of the upper continental crust.

1. The frequency content of the source is a critical parame-
ter when gradient zones and/or discontinuities of velocity
are present. Higher frequencies produce more pronounced
variations of amplitudes with distance. The amplitude vari-
ations are likely to be resolvable within the scatter of the
data and thus high frequency source signals lead to better
resolution.

2. A low-velocity cover of the basement accentuates relative
maxima in the amplitude-distance curve when velocity gra-
dients are present in the crystalline upper crust. Layer thick—
nesses of only 0.2 km, i.e. even weathered layers, can cause
this effect. In addition, multiple reflections, refractions and
conversions in the low—velocity cover contribute considera—
bly to a complicated wave field following the initial Pg
arrival and probably make later arrivals from deeper parts
of the crust undetectable.

3. Reflections from the top of a low-velocity layer within
the upper crust will affect the Pg amplitudes by interference
only if they are strong enough. This requires low gradients
in the basement above, a first order discontinuity at the
bottom of the upper crust and a high frequency source
signal.
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4. The increasing thickness of the gradient zone in the base—
ment reduces the amplitude decay with distance and broad-
ens the width of the relative amplitude maximum.
5. The Pg amplitudes decay with distance much faster in
the presence of a low—velocity layer than would be expected
from geometrical ray theory.

6. Reliable Pg amplitude data, characterized by a continu-
ous decrease, or a steady value over some distance or even
a local maximum, allows us to distinguish between homoge-
neous constant velocity layers and various gradient zones
in the upper crust.
7. Apparent Q values cannot be extracted from the ampli—
tude distance behaviour of Pg data alone.

8. Synthetic seismogram calculations based on asymptotic
ray theory can be used only as a first approximation to
determine detailed velocity depth structures.

These results, of course, apply only to a crust which
can be approximated by lateraly homogeneous models. Fo—
cusing effects due to lateral heterogeneities may completely
mask the amplitude-distance behaviour due to vertical
structures and must be studied by other methods.
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Analysis of Broad-Band Rayleigh Waves:
A Possibility for Seismic Discrimination
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Abstract. Digital broad-band data like those of the Graefen-
berg (GRF)-Array in Southern Germany offer enhanced
possibilities for the investigation of the medium-period
band between 2 s and 20 s. This range plays an important
role for surface wave studies in particular. Synthetic Ray-
leigh wave seismograms, computed using the reflectivity
method, show that most of the stationary phases for conti-
nental travel paths and teleseismic distances appear mainly
in this particular range. The influence of source parameters
(source depth, source spectrum and source type and orienta-
tion) on the excitation of Rayleigh waves for a laterally
homogeneous continental earth model is discussed in detail.
Differences in the frequency—time diagrams of synthetic
Rayleigh waves excited by explosion and dislocation point
sources at various depths with different source spectra are
also found in recorded seismograms. A quantification of
these differences by amplitude ratios in the frequency-time
domain leads to discrimination parameters which allow the
separation of underground nuclear explosions from earth—
quakes by an estimation of the source depth or the source
spectrum. These parameters are verified for a set of 20 nu-
clear explosions and 20 earthquakes from the southern
USSR and adjacent areas.

Key words: Broad-band Rayleigh waves — Stationary phases
— Reflectivity method — Seismic discrimination.

Introduction

Theoretical investigations by Knopoff et al. (1973), Panza
and Calcagnile (1975), Schwab et al. (1974), Calcagnile and
Panza (1974), Nakanishi et al. (1976), Stephens and Isacks
(1977) and Mantovani et al. (1977) explain a number of
impulsive seismic phases such as Rg, Lg, Li, Sa, Ma and
Sn in terms of stationary or Airy-phases, or superimposed
Airy—phases, of fundamental and higher mode Love and
Rayleigh waves. These phases are guided by different parts
of the earth’s interior. The Rg and Lg phases travel mainly
in the upper continental crust (‘granitic layer’), the Sn
phase in the high-velocity ‘lid’ in the uppermost mantle
and the different parts of the Sa phase or Ma phase (vertical
part of Sa) sample the mantle structure down to the
‘400—km-’ or ‘650-km’-discontinuity in a realistic earth
model. No low-velocity layer in the crust or the upper
mantle is required to explain the group velocity maxima

and minima corresponding to these phases. Only the Li-
phase requires a low-velocity channel in the upper mantle
model.

For continental paths and teleseismic distances most of
the stationary phases — except the main part of Sa (or Ma)
— appear in the medium—period band between 2 s and 20 s.
In particular, the surface waves of Russian nuclear explo-
sions recorded at the GRF-Array have their major signal
content in this range. Seismic standard stations, like the
WWSSN (World Wide Standard Seismograph Network)
and the SRO—stations (Seismic Research Observatory), usu—
ally exclude an important part of this band from acquisition
because of the appearance of the strong microseismic noise
between 4 s and 10 s. With the installation of the Graefen-
berg (GRF) digital braod—band array in Southern Germany
enhanced possibilities for the investigation of the medium-
period band are offered (Harjes and Seidl, 1978). This is
due to a flat velocity response of the leafspring seis-
mometers (Wielandt, 1975) between 0.05 Hz and 5 Hz.

For seismic discrimination of underground nuclear ex—
plosions and earthquakes surface wave information apart
from the surface wave magnitude MS or related values is
very little used. Investigations regarding the use of regional
Lg (or Sg) and Sn in combination with Pg and Pn recorded
at short—period WWSSN-stations have recently been carried
out by Gupta et al. (1980), Nuttli (1981), Gupta and Bur-
netti (1981) and Mykkeltveit and Husebye (1981) for re-
gional distances (A <3OO). The best results for discrimina-
tion of regional events, in cases of sufficient Lg propaga—
tion, were obtained from the Lg/P ratio (Gupta et al., 1980;
Gupta and Burnetti, 1981), and from the (maximum before
Sn)/(maximum after Sn) ratio (Gupta and Burnetti, 1981),
where both ratios represent regional equivalents of the tele-
seismic mb/Ms criterion. Amplitude ratios of higher mode
phases such as Sn/Lg or Lg (early arriving)/Lg(late arriving)
show no significant differences.

Nuttli (1981), on the other hand, found too large an
overlap for the Lg/P ratio of Russian nuclear explosions
and Western and Central Asian earthquakes implying that
this is not a useful discriminant for that region. Mykkeltveit
and Husebye (1981) also did not receive sufficiently accept-
able results using Lg or Sn amplitudes measured on
WWSSN records (SP and LP) for the discrimination of
events from the same region. Only the periods of these
phases recorded on long-period WWSSN seismometer are
different for explosions and earthquakes.

The purpose of this paper is the investigation of the
complete teleseismic Rayleigh wave seismogram for conti—
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nental travel paths including all stationary phases in the
medium- and long-period band up to 805 with special
regard to the influence of the source parameters on the
Rayleigh wave excitation. This study therefore contains
model computations as well as the analysis of observed
broad-band seismograms. The results will then be quanti—
fled and used for the discrimination of actual data.

Computation and Analysis
of Synthetic Rayleigh Wave Seismograms

The influence of the various source parameters (source type
and orientation, source spectrum and source depth) and
the travel path parameters (velocity—depth function, attenu-
ation-depth function and distance) on the excitation of sur—
face waves cannot be estimated by direct inversion of the
observed seismogram. Therefore an iterative forward mod-
elling approach is applied using theoretical surface wave
seismograms. In this study the influence of source parame-
ters is evaluated for a fixed travel path model and a fixed
distance. The computation of synthetic seismograms is
carried out using the reflectivity method for a buried source
(Kind, 1978, 1979). This method allows computations of
complete seismograms including all body and surface waves
for laterally homogeneous earth models.

The Aki-model (Aki, 1967) for dislocation sources and
the Mueller—Murphy-model (Mueller and Murphy, 1971)
for nuclear explosions are used for the evaluation of source
spectra. The Aki-spectra for MS-values of 4, 5 and 6 and
the Mueller-Murphy- (MM—) spectrum for a yield of 1 Mt
are normalized, transformed into ground velocity and trun-
cated between 0.7 Hz and 0.75 Hz, with is the highest com—
puted frequency (Fig. 1).

The velocity-depth model (Fig. 2) represents the travel
path Novaya Zemlya-GRF and is evaluated down to ap-
proximately 40 km by the inversion of fundamental mode
Rayleigh waves of a presumed nuclear explosion. The travel
path consists of a high-velocity part, the Baltic shield, and
a low-velocity part, the Barents Sea. Therefore the velocities
of the average model are quite low for a continental struc—
ture. The upper mantle model is estimated from investiga-
tions for Western Europe by Seidl (1971). To reduce com-
puting time the ‘400-km-discontinuity’ is placed at 280 km
without serious changes in the shape of the theoretical dis-
persion curves. The attenuation model used is based on
a standard Q-model (SL8) by Anderson and Hart (1978)
with a high—Q crust to which low—Q sedimentary layers were
added. All seismograms are computed for an epicentral dis—
tance of 300.

A frequency-time-analysis — using the ‘multiple-fllter-
technique’ (Dziewonski et al., 1969) — is applied to the syn-
thetic Rayleigh wave seismograms to separate the different
modes included in the complex transient wave train. In all
cases the period range between 1 s and 80 s and the group
velocity window between 5 km/s and 2 km/s is analysed
and the results of the upper 42 db of the matrix are plotted
in Fig. 3—Fig. 7 in 6-db—contour-intervals. Local maxima
in various group velocity intervals are marked by crosses
for each period. The computed seismogram is also plotted
with the same group velocity scale.

The influence of the different source parameters, as they
result from the theoretical investigation, are summarized
as follows:
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Fig. 1. Source spectra used for computations: earthquake spectra
based on the Aki model (Ms=4, 5 and 6) and a nuclear explosion
spectrum based on the Mueller-Murphy model (Y=1 Mt)
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Fig. 2. Velocity-dcpth model used for computations representing
the travel path Novaya Zemlya — GRF

Source Depth

The source depth is varied from 0.3 km to 250 km for an
explosion point source with an MM-spectrum (Y=1 Mt)
in Fig. 3 and a vertical strike-slip point source (slip-angle
1:00, dip-angle 6:900, observation angle 0:450) with
an Aki—spectrum (MS = 6) in Fig. 4. In both cases the source
depth is the main factor determining the parts of the disper-
sion curves of the different modes which are excited. There-
fore the excitation maximum is found at that part of the
curves which corresponds to the source depth. The periods
due to the maximum or other characteristic parts of the
seismogram increase with depth.

The crustal phases Rg and Lg are observed down to
a source depth of 40 km and the periods corresponding
to the maxima increase with depth. The Lg/Rg ratio varies
according to the different amplitude-depth functions. Start-
ing from 40 km depth the mantle guided phase Sn, and
from 100 km depth the Ma phase, appear as well as the
strongly dispersed parts of the first four Rayleigh wave
modes. At 250 km depth the stationary parts of the higher
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modes show much greater amplitudes than the dispersed
fundamental mode.

In Fig. 4 characteristic nodes in the Rayleigh wave exci-
tation of the dislocation source can be observed. The corre—
sponding periods also increase with source depth. For the
vertical strike—slip source a minimum of the fundamental
mode is found at 16 s for 10 km, at 25 s for 20 km and
at 40 s for 40 km depth.

Source Spectrum
The source spectrum directly influences the generation of
Rayleigh waves within the period range defined by the
source depth. For the shallowest events (0.3 km) the source
spectrum alone is responsible for the differences observed
in Figs. 3 and 4.

In Fig.5 the four different source spectra shown in
Fig. 1 have been used for a vertical strike-slip source at
10 km depth. According to the higher-frequency spectral
maximum of the lower magnitude earthquakes the excita—
tion of the long-period part of the fundamental mode de-
creases and the Lg/Rg ratio consequently increases with
decreasing magnitude. But even the highest-frequency
earthquake spectrum (M324) generates more long-period
Rayleigh waves than the low-frequency explosion equiva—
lent MM-spectrum for Y=1 Mt. For smaller yields the
spectra would be shifted to even higher frequencies.

Source Type and Orientation

For a given source depth and source spectrum, an explosion
point source with a spherical radiation pattern gives the
maximum Rayleigh wave excitation. A buried dislocation
source causes minima in the excitation depending on the
orientation of the fault-plane, the observation angle, the
source depth and the mode number. These minima are due
to nodes in the radiation pattern of Rayleigh waves. There-
fore the shape of the observed spectrum can be used for
depth-estimation if the orientation of the fault-plane is
known (Tsai and Aki, 1970). The reduction of amplitudes
outside the minima decreases with increasing distance. Be—
cause of the superposition of higher modes a node in the
excitation of the higher mode Rayleigh waves causes a
smaller reduction in amplitudes than a node in the funda—
mental mode. Therefore the Lg/Rg ratio increases if the
Rg amplitude is reduced by a minimum.

Five strike—slip sources (Fig. 6) and five dip-slip sources
(Fig. 7) with dip-angles between OO and 90O and an identical
observation angle of 8:300 are investigated for a source
depth of 10 km and an Aki-spectrum of M526. The maxi-
mum excitation of Rayleigh waves — indicated by the
highest fundamental mode/higher mode ratio in Figs. 6 and
7 — is observed only for a dip-angle of 0O in both cases
and for a = 90O in the dip-slip case. For the other dip—angles
the amplitudes of the fundamental mode are reduced (how-
ever only slightly for 6:22.50 and 5:45o in the strike-slip
case). Nodes are observed at 16 s in case of a vertical strike-
slip and at 30 s in case of a dip-slip source with 5:450.

Summarizing the results of the model studies shown in
Figs. 3 to 7 it seems possible to distinguish between shallow
and deep and to a lesser degree between high—frequency
and low-frequency sources by the analysis of real broad—
band Rayleigh waves. An estimation of the fault-plane ori-
entation in the case of a dislocation source requires data
from more than one station.

169

Frequency-Time Analysis
of Real Broad-Band Rayleigh Waves

When we consider real seismograms there are two major
differences in comparison to the computational results
which have to be considered: a) the existence of seismic
noise and b) travel paths effects corresponding to different
epicenters and lateral inhomogeneities. To avoid the first
problem in initial investigations, strong events with high
signal/noise ratio in the medium-period band can be used.
To detect and analyse Rayleigh waves of smaller events
also, array techniques such as frequency-wavenumber filter-
ing and stacking methods can be applied. The second diffi-
culty can be reduced by restricting the investigations to
a relatively homogeneous region like the Eurasian continent
(or parts of it) in case of the GRF-array.

In Fig. 8 the Rayleigh waves of three nuclear explosions
from different parts of the USSR are analysed. The fre-
quency—time structure of the Novaya Zemlya event and the
Eastern Kazakh event are quite similar regarding the peri-
ods of major maxima. The dominating maxima belong to
the Rg and Lg phases. The amplitude ratio is about 1 in
both cases. This is equivalent to the theoretical results for
an explosion source at 300 m depth in Fig. 3. The synthetic
example of Fig. 3 is directly comparable to the Novaya
Zemlya as the velocity model used represents the travel
path Novaya Zemlya — GRF.

The periods corresponding to Rg (upper 6-db-contour-
line) are located between 6 s and 10 s (Eastern Kazakh:
second peak at 14 s) and those corresponding to Lg between
2 s and 6 s. The mean group velocities of both phases and
the shape of the observed dispersion curves differ due to
the different structures of the travel paths (higher velocities
and a greater average depth of the Moho for the path East—
ern Kazakh — GRF).

In contrast to these two underground explosions, which
were contained in hard rock (presumably weapon tests),
the Western Kazakh event represents one of the so-called
‘peaceful’ nuclear explosions (PNE) which are usually con-
ducted for construction purposes. PNE events near the Cas-
pian Sea in general generate less surface waves than the
other explosions. The spectral content is also different as
is revealed by a smaller Lg/Rg ratio and a shifting of the
Rg phase towards longer periods (6-db-contour—line from
8.5 s to 15 3). Also the P arrival shows a relatively low-
frequency spectrum. A lower-frequency source spectrum
and/or a strong attenuation of high frequencies in unconso-
lidated sediments near the source would explain this effect.

Figure 9 shows the frequency—time analysis of four
Central Asian earthquakes at different source depths. The
Tadzikh event at 20 km depth generates mainly Rg and
Lg phases within a period range from 9—18 s (Rg) and 5—6 s
(Lg)-

The average values for each phase are therefore of lon-
ger periods than the Novaya Zemlya and Eastern Kazakh
events. The Rg maximum includes two parts at different
group velocities. Additionally a maximum representing the
Ma phase (11—18 s) and another stationary phase at 4.1 km/s,
probably due to Li or a converted Sn phase, are situated
in the upper part of the diagram.

An Eastern Kazakh earthquake at 40 km depth still gen-
erates strong Rg and Lg phases which are shifted to longer
periods compared to the shallow event. The 6-db-contours
of these maxima are found in the ranges 11—26 s (Rg) and
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Fig. 8. Frequency-time analysis (upper 18 db) of broad-band, vertical component Rayleigh waves generated by three typical nuclear
explosions from different sites in the USSR

5.4—8.3 s (Lg). Weak Sn and Ma phases are also excited.
The dispersion curves of the fundamental mode and the
group velocities of Lg for the explosion and the earthquake
from Eastern Kazakh are almost identical due to the similar
travel path.

Due to weak excitation of surface waves and therefore
a smaller signal/noise ratio the Rayleigh waves of the Hin-
dukush event (£1299 km) and the deep earthquake from
the USSR-Afghanistan border region (112227 km) are dis-
turbed by seismic noise below 10 s. At 99 km depth an
Rg phase but no Lg phase is observed. The strongly disparu
sive parts of the fundamental and first higher Rayleigh
mode. which are also seen in the synthetic example in Fig. 4,
are observed between 20 s and 703 and between 8 s and
12 s respectively. The Si: and Ma phases are stronger and
the Mn maximum is shifted towards longer periods
(15—27 3) compared with shallower sources.

Sn and Ma dominate for the 227 km deep source. In
this case the Ma maximum is located around 30 s and the

fundamental mode can only be recognized around 20 s and
between 60 s and 70 s. Crustal phases are not observed.
The group velocity minimum corresponding to Me shows
the same value for the two events (4.3 km/s), but the Sn
maximum of the Hindukush event arrives at a lower veloci—
ty (4.45 km/s) than the maximum of the event from the
USSR—Afghanistan border region (4.6 km/s).

The examples shown in this section demonstrate that
computed and observed seismograms are also comparable
in fine structure in the medium-period band. The observed
differences pertaining to a) the excitation of mantle phases
by near surface sources and of crustal phases by deeper
sources, b) differences in group velocities of equivalent
phases, c) multiple arrivals and d) a diminishing coda —
all not predicted by theoretical results — show that not all
effects have been taken into account in the model computa-
tions. The differences are basically due to lateral inhomo-
geneities which cause multipathing, mode conversion and
scattering. Also variable attenuation in the upper mantle
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Fig.9. Frequency-time analysis (upper 18 db) of broad-band, vertical component Rayleigh waves generated by four Central Asian
earthquakes at different depths

which cannot be represented by an average model should
be considered.

Quantification of Differences in Rayleigh Wave
Excitation Caused by Different Sources

The differences in the frequency-time diagrams of synthetic
Rayleigh waves excited by explosion and dislocation pointa
sources at various depths are confirmed by the analysis
of broad—band recorded Rayleigh waves and provide a
starting point for establishing additional seismic discrimina-
tion parameters based on surface wave analysis.

A possible quantification scheme of the observed differ-
ences is the determination of maximum amplitudes in four
different windows in the frequency—time domain which are
shown in Fig. 10. Window 1 contains the observed varia-
tions in the location of Rg for travel paths over the Eurasian
continent, window 2 the same for Lg, window 3 for the

long-period part of Sn and Ma and window 4 for the long-
period and diSpersive part of the fundamental mode Ray-
leigh waves (named hereafter RM). The short- and medium-
period part of Sn (T<: 10 s) is not used in this quantification
scheme because the signal/noise ratio for shallow sources
is usually very low. Using adequate filters or stacking meth-
ods for noise reduction the window 3 could be extended
down to 1 or 2 s.

In case of real seismograms the amplitudes of the fre-
quency-time matrix representing the ground velocity are
corrected for each period by a representative ‘ noisei-ampli-
tude determined just before the Sn-arrival (usually between
5.35 and 4.95 km/s) to reduce the influence of the signal-
generated and the normal ground noise. The correction fac-
tor consists of the mean amplitude within the group velocity
interval to which the standard deviation is added. The ob-
tained maximum amplitudes Al—A4 are additionally multi-
plied by a weighting factor depending on the relative loca-
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Fig. 11. Depth dependence of the DIE-discriminant based on synthe-
tic Rayleigh wave seismograms

tion of the maximum according to the defined period inter-
val.

For the comparison of different events. amplitudes or
amplitude ratios or their combination can be used. A possi—
ble combination of amplitude ratios, mainly relevant to the
influence of the source depth on the excitation of Rayleigh
waves, is defined by

Dh=log (Ar/Annas; (At/Ag).
The two amplitude ratios should increase with decreasing
source depth because the crustal phases Rg (A1) and Lg
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Fig. 12. IDE-discriminant versus depth based on synthetic Rayleigh
wave seismograms

(A 2) are strengthened while the subcrustal phases Sn and
Ma (A3) and Ru. (A4) become smaller. This effect is en-
hanced by an opposite weighting of the numerator and de-
nominator amplitudes (indicated by + and — signs).

The Dh-Values are determined for the synthetic Rayleigh
wave seismograms for the four combinations of explosion
and strike—slip sources and MM- (Y=1 Mt) and Aki-source
Spectra (M5=6) and the result is shown for the different
source depths in Fig. 11. Except for a depth of 20 km. the
Dh-values in all cases decrease steadily with increasing
depth. Therefore a rough depth estimation should be possi-
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Table la. Epicenter data from 20 nuclear explosions (USGS), azimuth and distance with respect to GRF

Nr. Code Date Origin time Coordinates Magnitude Distance Azimuth Region
'———— (O) (0)
mb Ms

1 N1 23/08/1975 08:59:57.9 73.369 N 54.641 E 6.4 4.9 30.2 23.2 Novaya Zemlya
2 N2 10/08/1978 07:59:57.7 73.336 N 54.792 E 5.9 4.3 30.2 23.3 Novaya Zemlya
3 N3 27/09/1978 02:04:58.2 73.380 N 54.669 E 5.6 4.5 30.2 23.1 Novaya Zemlya
4 N4 18/10/1979 07:09:58.3 73.338 N 54.807 E 5.8 30.2 23.2 Novaya Zemlya
5 N5 11/10/1980 07:09:57.0 73.313 N 55.021 E 5.7 3.8 30.3 23.4 Novaya Zemlya
6 E1 29/05/1977 02:56:57.8 49.944 N 78.846 E 5.6 5.0 42.3 62.7 Eastern Kazakh
7 E2 29/07/1977 03:06:58.0 50.034 N 78.927 E 5.3 5.2 42.3 62.5 Eastern Kazakh
8 E3 30/11/1977 04:06:57.5 49.957 N 78.931 E 5.9 3.5 42.3 62.6 Eastern Kazakh
9 E4 29/08/1978 02:37:06.5 50.008 N 78.996 E 5.9 4.0 42.3 62.5 Eastern Kazakh

10 E5 29/11/1978 04:33:02.9 49.956 N 78.765 E 6.0 4.3 42.2 62.7 Eastern Kazakh
11 E6 23/06/1979 02:56:57.6 49.918 N 78.915 E 6.3 4.4 42.3 62.7 Eastern Kazakh
12 E7 07/07/1979 03:46:57.4 50.053 N 79.965 E 5.8 42.3 62.4 Eastern Kazakh
13 E8 04/08/1979 03:56:57.2 49.901 N 78.959 E 6.1 4.5 42.3 62.7 Eastern Kazakh
14 E9 18/08/1979 02:51:57.3 49.971 N 79.010 E 6.1 4.1 42.3 62.6 Eastern Kazakh
15 U1 17/10/1978 13:59:57.8 63.143 N 63.392 E 5.5 30.9 44.4 Ural mountains
16 W1 17/10/1978 04:59:56.5 47.818 N 48.114 E 5.8 4.6 24.2 80.2 Western Kazakh
17 W2 18/12/1978 07:59:56.3 47.787 N 48.192 E 6.0 24.3 80.2 Western Kazakh
18 W3 17/01/1979 07:59:55.7 47.883 N 48.128 E 6.0 24.2 80.0 Western Kazakh
19 W4 14/07/1979 04:59:55.1 47.813 N 48.097 E 5.6 24.2 80.2 Western Kazakh
20 S1 04/10/1979 15:59:57.9 60.677 N 71.501 E 5.4 34.9 48.4 Western Siberia

Table lb. Epicenter data from 20 earthquakes (USGS), azimuth and distance with respect to GRF

Nr. Code Date Origin time Coordinates Depth Magnitude Distance Azimuth Region
(km) ———— (O) (O)

mb Ms

1 F1 13/07/1977 08:09:15.7 29.880 N 67.454 E 10 5.1 5.5 46.3 93.6 Western Pakistan
2 F2 02/01/1978 06:31:27.5 41.540 N 44.244 E 10 5.3 5.1 24.3 96.9 Western Caucasus
3 F3 06/04/1979 18:30:06.4 41.900 N 77.545 E 19 5.2 4.9 45.5 73.4 Kirgiz-Sinkiang

border region
4 F4 22/12/1980 12:51:17.6 34.350 N 50.403 E 18 5.2 5.2 32.5 103.2 Iran
5 M1 19/05/1975 19:47:44.8 35.160 N 80.801 E 26 5.5 5.1 51.6 78.6 Kashmir-Tibet

border region
6 M2 01/04/1976 04:31:16.7 51.115 N 97.962 E 33 5.2 4.7 52.1 52.8 USSR-Mongolia

border region
7 M3 03/08/1976 07:50: 19.8 40.797 N 77.876 E 33 5.2 5.2 46.3 74.5 Kirgiz-Sinkiang

border region
8 M4 03/09/1976 ‘ 21:52:46.8 38.924 N 70.716 E 43 5.1 4.7 42.9 81.1 Afghanistan-

USSR
border region

9 M5 05/09/1976 22:07:34.9 38.298 N 40.853 E 22 5.1 4.8 24.0 107.0 Turkey
10 M6 03/06/1977 01:05:23.7 39.874 N 71.786 E 24 5.1 5.0 43.0 79.3 Tadzikh
11 M7 25/12/1977 16: 18:54.7 38.923 N 70.796 E 33 5.3 4.7 42.9 81.0 Afghanistan-

USSR
border region

12 M8 25/09/1979 13:05:53.6 45.083 N 77.006 E 40 5.9 5.5 43.5 69.8 Eastern Kazakh
13 I1 14/05/1975 22:23:02.8 36.082 N 70.894 E 99 5.5 44.6 84.3 Hindukush
14 I2 08/10/1978 14:20:05.6 39.389 N 74.718 E 62 5.8 45.2 78.0 Southern Sinkiang
15 I3 13/20/1979 22:09:29.6 36.517 N 76.892 E 63 6.1 48.2 79.8 Kashmir-Sinkiang

border region
16 T1 27/11/1976 21:42:12.2 36.507 N 71.042 E 190 6.1 44.5 83.7 Afghanistan-

USSR
border region

17 T2 03/06/1977 02:31:04.7 36.436 N 70.762 E 210 5.5 44.3 84.0 Hindukush
18 T3 21/04/1978 15:22:57.6 36.620 N 71.274 E 227 5.9 44.6 83.4 Afghanistan-

USSR
border region

19 T4 23/10/1978 08:07:31.6 36.483 N 70.964 E 185 5.6 44.4 83.8 Afghanistan—
USSR
border region

20 T5 26/60/1979 03:04:51.8 36.475 N 71.218 E 229 5.7 44.6 83.6 Afghanistan-
USSR
border region
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Fig. 13. Location of epicenters for the 20 nuclear explosions (crosses and stars) and the 20 earthquakes (solid circles, triangles and
squares) used for discrimination
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ble by using this discriminant. In particular, a discrimina—
tion of high-frequency shallow sources and arbitrary deeper
sources is suggested by this investigation.

Another discrimination parameter, mainly relevant to
the influence of the source spectrum on the excitation of
Rayleigh waves is represented by the Lg/Rg ratio. Assuming
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Fig. 15. Dh-values versus depth for a group of explosions (crosses
and stars) and a group of earthquakes (circles, triangles and squares)

that the excitation of Lg and Rg takes place in the same
parts of the earth’s crust the observed relative differences
in the Lg and Rg amplitudes are dependent on the different
amplitude—depth functions and on the relative amplitudes
of the source spectrum at the different periods.

Therefore the usefulness of a discriminant defined by
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Ds=10g (Aï/AI)
should first be evaluated using the synthetic Rayleigh wave
seismograms. The results are shown in Fig. 12 where the
theoretical DS-values are plotted versus h for source depths
down to 40 km. A clear difference between the high-fre-
quency and low-frequency source spectrum is observed for
the same source mechanism at each depth. But due to nodes
in the excitation of the fundamental mode in the case of
dislocation sources, an overlap of the DS-values for the ex—
plosion and strike-slip sources occurs for 10km depth.
Therefore a general discrimination of high-frequency and
low-frequency sources without regard to the source mecha-
nism and the source depth is not possible. Nevertheless
the essential discrimination problem, namely the separation
of highfrequency sources at shallow depth from low-fre-
quency sources at arbitrary depth, can be solved at least
in terms of model computations.

Application of Discriminants to Real Broad-Band Data

For two sets each of 20 nuclear explosions and earthquakes
located in the USSR and adjacent areas (see Table1 for
epicenter data) the two discriminants are applied. The loca—
tions of the epicenters in relation to the GRF-array are
shown in Fig. 13. The explosion set consists of events from
Novaya Zemlya (5 events), Eastern Kazakh (9), Western
Kazakh (4), Ural mountains (1) and Western Siberia (1).
The body wave magnitude ranges from 5.3 to 6.4. The
shallow (4) and normal deep earthquakes (8) from West-
ern and Central Asia were selected for their intermediate
mb-values (5.0<mb_S_5.5) with the exception of event M8
(Eastern Kazakh event of Fig. 9 with mb=5.9). Due to a
lower absolute excitation of surface waves by deeper sources
the mb-values of the selected intermediate (3) and deep
earthquakes (5) from the Afghanistan-USSR border region
are slightly greater (5.5 gmb§6.1).

In Fig. 14 the discrimination potential of the Dh—discri-
minant is demonstrated by a plot of Dh versus mb. Explo-
sions (cross and star symbols) and earthquakes (other
symbols) are completely separated. Also the PNE—events
W1—W4, S1 and (presumably) U1 are classified as explo—
sions by the Dh-discriminant although the frequency-time
structure of the transient signal is different from that of
the other explosions.

Additionally the depth dependence of the values can
be seen from Fig. 15. Here a decrease of Dh-values with
increasing depth can be well discerned. In comparison to
theoretical investigations (Fig. 11) the decay of Dh-values
is much smaller and the variance much higher than pre—
dicted. In particular, shallow and deep sources, respectively,
produce too high and too low values. This is explained
by the presence of relatively high noise amplitudes, which
prohibits the tracing of a decreasing phase.

In Fig. 16 the DS-discriminant is applied to all events
which are not deeper than 70 km because deeper events
do not generate significant Lg and Rg amplitudes. Apart
from the PNE events (W1—W4 and S1) the two groups
are also separated although the DS-values of events N3 and
M8 are very close. As demonstrated in Fig. 9 the PNE
events near the Caspian Sea show a spectral content differ-
ent from that of the other nuclear explosions. This results
in a low Lg/Rg ratio, and therefore the five PNE events
are misclassifled and located within the earthquake popula-
tlon.

Discussion and Conclusions

Theoretical seismograms provide a useful tool for the pre-
diction and interpretation of differences in the Rayleigh
wave excitation of various earthquake and explosions
sources. These differences are mainly due to changes in
source parameters, namely a) source depth, b) source
spectrum and c) source type and orientation. The model
computations were carried out for a simple horizontally
layered earth model. Additional travel paths effects ob-
served in real broad-band data, such as differences in group
velocities, multiple arrivals, mode conversion and in the
duration of the coda are caused by lateral inhomogeneities.
They are therefore not considered in the model computa-
dons

A detailed frequency-time analysis of the calculated seis-
mograms and a comparison with real braod-band Rayleigh
wave seismograms show the existence of the fundamental
and higher mode stationary phases Rg, Lg and Sn in the
medium-period band between 2 s and 20 s and also of the
main part of Ma and the dispersed part of the fundamental
mode in the long—period band above 20 s. The model com-
putations do not include the high-frequency band above
0.75 Hz. One reason for this is the limited computer time,
another that for teleseismic distances Rayleigh wave seismo-
grams recorded at GRF do not show a significant signal
content below 2 s.

A quantification of the Rayleigh wave excitation using
the maximum amplitudes within four frequency-time
windows representing the Rg, Lg, Sn-Ma and Ru, leads
to parameters which give a rough idea about the source
depth and the source spectrum. These parameters consist
of amplitude ratios — or of a combination of these — and
are therefore independent of the absolute value of the
ground motions. The Dh-discriminant (combination of Lg/
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Ma and Rg/RLP) is basically sensitive to the source depth
and allows the separation of high-frequency shallow from
arbitrary deeper sources and a rough depth estimation for
earthquakes. On the other hand the DS-discriminant (Lg/Rg
ratio) depends mainly on the source spectrum and allows
discrimination between high-frequency shallow sources and
low—frequency sources for depths down to approximately
70 km.

The application of these discriminants to two sets of
broad-band recorded earthquakes and explosions gives pro—
missing results. Only ‘peaceful’ nuclear explosions near the
Caspian Sea. and in Western Siberia were misclassifled by
the Ds-discriminant.

The events used in this study are, however, quite strong
and the application of our discriminants to smaller events
has to be further investigated. Array techniques like fre-
quency-wavenumber filtering and stacking methods would
improve the signal/noise ratio in the medium-period band
by a reduction of the microseismic noise. Looking also
at regional events (A<200) the adopted frequency-time
windows should, because of the higher-frequency signal
content, be expanded to higher frequencies to include even
higher modes in the analysis.
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Shear Fracture Development and Seismic Regime
in Pyrophyllite Specimens with Soft Inclusions
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Abstract. The paper describes the sequence of fracture de-
velopment in pyrophyllite specimens containing a soft inclu-
sion. The inclusions were induced by drilling a number of
small boreholes into the central part of the specimens. It
is assumed that the soft inclusion models a crustal earth-
quake source region. The specimens were deformed uniax-
ially using a servo—controlled loading system, which permit-
ted controlled fracturing from initial cracking to final speci-
men collapse. The transition from pre-peak randomly dis-
tributed cracking to the formation of macro-shear fractures
is characterized by a critical crack density and can be
defined by a unique critical crack interaction parameter,
which appears to be material-insensitive. The tests also per-
mitted us to estimate intrinsic fracture mechanics parame-
ters for mode-II fracture: For the critical energy release
rate GHC an average value of 8.3 kJ-m‘z, for the critical
stress intensity factor KHC an average value of
4.2 MNm’3/2 were obtained. Both visual observation and
the analysis of acoustic emission activity demonstrate that
fracture in rock specimens is characterized by seismic pat-
terns similar to those known from active earthquake
regions, i.e. seismic gaps and periods of seismic silence.

Introduction

Seismological data such as the seismic radiation pattern
around earthquake-epicenters demonstrate that crustal
earthquakes are the result of macroscopic dynamic shear
fractures. Consequently, in a theoretical approach, the
process of earthquake rupture is modelled as the develop-
ment of a displacement disconituity on a plane surface,
either by the use of simple dislocation-type models (Haskell,
1964; 1966) or by using shear-crack-like models (Kostrov,
1975; Madariaga, 1976; 1977; Rudnicki, 1980). A compre-
hensive review on this subject is presented by Rice (1980).

In comparison, the present understanding of the defor-
mation processes precursory to earthquake rupture and as-
sociated with the longterm earthquake preparation is quali-
tative and speculative. Since these processes may be signifi—
cant to earthquake prediction research, the need for further
work in this area is obvious. Laboratory research on frac-
ture processes in rocks under controlled environmental con-
ditions, in particular, may provide intrinsic fracture me—
chanics parameters as well as allow a qualitative discrimina-
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tion of various fracture processes in the sequence of fracture
development in space and time.

Here we present some results from simple fracture tests
on pyrophyllite specimens which contain soft inclusions as
an analogy for an earthquake source region. The tests are
carried out to demonstrate the complete fracture process
from initial micro—fracturing within the soft inclusion region
to the development of a macroscopic shear fracture.

Qualitative Models of Earthquake Preparation

Existing models of earthquake preparation are derived pri-
marily from field observations in seismo-active regions,
which include e. g. seismological characteristics, fault creep,
pore pressure changes, and physical rock property alter-
ations. Significant contributions also came from rock me-
chanics experimental research, particularly from experi-
ments in stiff or servo-controlled testing systems (e.g.
Rummel, 1970; 1975).

Such experiments permit controlled fracturing and also
provide relevant fracture data for theoretical models
(Rummel et al., 1978; Rice, 1980). One impetus for the the-
oretical approach was the application of fracture mechan—
lCS.

Most of the existing models of earthquake prediction
are reviewed by Myachkin et al. (1975) or by Rice (1979).
They differ as to the emphasis which is put on either volu-
metric cracking in “intact” rock, premonitory micro-frac-
turing in the vicinity of existing faults, time dependent frac-
ture mechanisms, or the importance of migrating pore
fluids. The stick-slip model e.g. (Brace and Byerlee, 1966)
neglects premonitory dilatancy and only takes into consid—
eration the most advanced stage of earthquake preparation,
namely frictional slip along existing shear surfaces.

Since all models to a certain extent take into account
the heterogeneity of the earth’s crust which includes the
coexistence of rocks with different deformation behaviour
and strength, as well as the spatial distribution of existing
fractures of various dimensions, we may derive the follow-
ing general concept of the earthquake preparation process:
Due to crustal heterogeneity we may expect a non-uniform
statial distribution of the stress field. Then, during tectonic
strain energy accumulation the first stage of earthquake
source preparation will be characterized by quasi-static
crack growth at locations of high stress concentration. This
fracturing should occur preferentially in crustal regions con-
sisting of weaker or softer rocks. Initially it will be ran-
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Fig. 1a and b. Common view ofpyrophyllite Specimens with ellipti-
cal soft inclusions after determination of fracture experiments. For
better crack detection specimen faces are painted with chalk b

domly distributed over a large volume and will cause dila-
tancy that may lead to precursory phenomena. During the
subsequent stage crack interaction will occur in areas where
the crack density approaches a critical value. This will
induce crack coalescence and will lead progressively to the
development of macroscopic shear fractures (Myachkin
et al., 1974). Instability will occur if the available strain
energy exceeds the energy demand for stable fracture
growth.

At present the major problem in this general model is
to theoretically describe the transition from volumetric frac-
turing to macroscopic fault formation. This process is
known from seismological observations before several
earthquakes e.g. for the 1975 Haicheng earthquake (Hsu,
1976; see also Talwani, 1981), but was not observed e.g.
for earthquakes in the Garm region (Nersesov et al., 1979).

The model also does not explicitly explain seismological
phenomena such as the existence of seismic gaps or seismic
silence prior to main shocks.

One possible theoretical approach to addressing the
problem of fault formation on the basis of continuum me-
chanics is presented by Rice (1980). It consists of seeking
conditions “under which uniform patterns of deformation
become unstable in the sense that bifurcation of continuing
deformation into a localized shear bands becomes possi—
ble". An alternative possibility is to assume nonuniform
crack distribution and crack interaction in areas with a
critical crack density as mentioned above (Myachkin et al.,
1974). This process was experimentally investigated for po-
lymers, metals and some single crystals by Zhurkov et al.
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(1977). The experiments revealed that the critical stage
when tensile cracks begin to coalesce can be specified by
only one empirical statistical parameter. which seems to
be material insensitive. This parameter may be called criti-
cal crack interaction parameter K1 and is defined as K = Ë/ï,
where ï is the average crack length, and I: is the average
nearest distance between neighbouring cracks. Ë is propor-
tional to the number of cracks per unit volume (Ë mn— 1" 3).
K ranges from 3 to 5 for all materials tested.

So far, no measurements of K—values have been con-
ducted for shear failure in rocks, although the transition
from micro-fracturing to shear fracture formation in rock
was carefully examined by several investigators (e. g. Waw-
ersik, 1968; Mogi, 1968; Lockner and Byerlee, 1977;
Sobolev et al., 1978). An attempt to measure K for seismo-
active faults showed K—values of 6—8 for the Kamchatka
seismic region (Sobolev and Zavialov, 1981).

Specimen Specifications and Testing Procedure
Pephyllite specimens were chosen for the experiments
since this rock is less brittle than most crystalline rocks.
Therefore experiments even under unconfined room tem-
perature loading conditions allow us to observe the total
sequence of fracture development. The relevant mechanical
properties of this rock were determined earlier by Sobolev
et al. (1978).

The specimens were rectangular prisms with a loading
area of about (4x 10) cm2 and a height of 10—14 cm. In
order to both induce stress concentrations as well as simu-
late a soft inclusion within a relatively stiff surrounding
rock mass, a number of small holes of 2.5 mm diameter
were drilled into the central part of the large faces of each
specimen (Figs. 1 and 2). The holes were left open or were
filled with epoxy (Araldit E-HY 951). The soft inclusion
is represented by the total region containing drillholes. The
shape of the inclusion was either circular, elliptical or rect-
angular.

The effect of stress concentration on the fracture devel-
opment around circular holes in rock specimens was extent
sively investigated by Rummel (1975) and Sobolev et al.
(1980). Such tests show tensile crack initiation at the holes
at the location of maximum induced tensile stress. Such
cracks become stable at close distances from the hole.. Fur-
ther cracking in the vicinity of the hole is generally complex.

The state of stress and strain within a homogeneous
inclusion in an infinite region can be calculated from the
far-field stresses and the elastic properties of the inclusion
and the surrounding material. Solutions for the case of cir-
cular or elliptical inclusions will be found in Muskhelishvili
(1953). For our case, elliptical soft inclusions consisting of
a region with drillholes as shown in Fig. 1, a rough estima-
tion of the induced average stress-field inside the inclusion
due to uniaxial loading was given by Kostrov (private com-
munication). The ratio between the effective shear moduli
inside and outside of the inclusion is about 0.87, resulting
in an internal maximum principal stress of about 90% and
an internal minor principal stress (tension) of about 5%
of the externally applied uniaxial stress. The direction of
the average maximum compression inside the inclusion only
deviates from the direction of the applied load by an angle

1 The symbol K for the critical crack interaction parameter was
used by Zhurkov et a1. It should be distinguished from the stress
intensity factor K” used later in this paper
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a

Fig. 2a and b. Example of a macro-shear fracture development
in pyrophyllite along the main diagonal in the soft inclusion.
a shear fracture partly developed with some unbroken barriers,
b fully developed 7 min later

less than 1%. Although no estimation exists for rectangular
soft inclusions we assume that the deviations from the stress
in the surrounding material are also small.

All data for the 15 specimens tested are included in Ta-
ble 1. Three specimens of smaller size were tested to esti-
mate the strength reduction as a result of the number of
holes. One specimen was without holes. The rest of the
Specimens contained 28—1 13 holes. In two samples all holes,

in one sample only 70% of the holes were filled with epoxy.
All specimens were ground parallel to within i005 mm.

The specimens were uniaxially compressed in a 60 ton
capacity servo-controlled hydraulic loading system with a
response time of less than 5 ms (Rummel, 1975). All tests
except one (No. 3) were carried out at a constant strain
rate ofe=3.10_5 s71. Specimen No. 3 was loaded to about
90% of its maximum strength and then the stress was kept
constant. Axial strain of the specimen or piston diSplace-
ment was measured by two inductive displacement trans-
ducers placed parallel to the specimen on opposite sides.
Both axial stress and axial strain—were monitored contin-
uously on paper recorders. Acoustic emission activity was
picked-up by piezo-electric transducers (Panametrix) and
registered via amplifiers and a pulse counter parallel to
stress and strain. In most cases the transducers were placed
diagonally on both large faces of the specimens, so that
the inclusion area was between them. Several signals from
acoustic emission events were monitored with a transient
recorder with an upper frequency limit of 1 MHz. Periodi-
cally, the transducers were used for P— and S—wave velocity
measurements using the pulse-transmission technique.
Fracture development was observed visually through a
magnifying lense, and both photographed periodically and
filmed at a frequency of one picture per 1 or 2.5 s. The
photos permitted a quantitative evaluation of visible cracks
on the surface as a function of time, the film allowing us
to observe the speed of fracture development.

Progressive Fracture Development

During initial loading the pyrophyllite specimens deformed
approximately linearly with stress. This results in a Young’s
modulus of E =2.3 GPa for the intact rock (Specimen
No. 7) and in an average effective Young’s modulus of
Eeff=1.8 GPa for the specimens containing a soft inclu-
sion. In comparison, the theoretical estimation by Kostrov
yields a reduction of the effective Young’s modulus due
to the soft inclusion of only 4%.

First fracturing appeared at a stress of of about 75%
of the maximum strength 0,, and generally was confined
only to the soft inclusion (Table 1). It occured in the forma-
tion of axially oriented tensile cracks which initiated at the

Table l. Specimen dimensions and physical properties (N number of holes, om uniaxial strength, of stress at first visible fracture, s axial
strain at cm, sJr strain at of, E2” effective Young’s modulus, K critical crack interaction parameter)

Specimen Size Shape of N Type of am {If/om s af/a E K
number cm inclusion holes MPa % GPa

A 4 x 4 x 4 — — — 32.5
B 4 x 4 x 4 rectangular 5 empty 28.0
C 4 x 4 x 4 rectangular 14 empty 23.0

7 10 x 7.4 x 4.5 — — — 23.8 0.86 1 3 0.70 2.3 —
1 14 x 10 x 4.5 rectangular 113 empty 14.7 0.54 1.2 0.36 1.8 3.4
2 13.5 x 10 x 4.5 rectangular 113 empty 11.6 0.93 0.87 0.86 1.6 5.0
4 14 x 10 x 4.5 rectangular 113 empty 14.2 0.80 1 1 0.73 1.4 4.1
5 12 x 10 x 4.5 elliptical 105 empty 18.5 0.69 1.0 0.62 2.1 3.5
6 12 x 10 x 4.5 elliptical 78 empty 13.7 0.86 0.97 0.82 1.5 5.4
9 14 >< 10 x 4.5 elliptical 28 empty 11.5 0.79 1.13 0.71 1.1 5.5
8 12 x 10 x 4.5 elliptical 105 epoxy 13.4 0.79 0.93 0.69 1.7 3.3

10 13 x 10 x 4.5 circular 70 epoxy 18.7 0.66 1.55 0.52 1.5 3.2
12 11.5 x 10 x 4.5 circular 60 30% empty 14.2 0.43 1.27 0.34 1.4 3.2

70% epoxy
3 14 x 10 x 4.5 rectangular 113 empty — — -— — 2.4 —
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Fig. 3a—f. Sequence of fracture development in soft inclusions con-
sisting of holes (schematically). 1 tensile cracks, 2 shear-like cracks,
3 closed tensile cracks, 4 opening of macro-shear fracture sections:
a tensile crack accumulation; b crack interaction by shear-like
cracks; c macro-shear fracture formation; d continuation of crack
accumulation during a period of shear fracture stability; e appear-
ance of further macro-fractures and their interaction; f micro-
cracking in regions of high compression prior to macro-fracture
instability

locations of maximum induced tensile stresses around the
drillholes, and propagated over a distance of only about
one hole-diameter away from the hole. Crack initiation and
crack growth during this stage was not associated with
acoustic emission activity which could be detected with the
recording system (machine noise). The distribution of these
cracks was approximately random over the total area of
the inclusion. Generally, about 10—20 of such cracks could
be identified.

The formation of a diagonal shear fracture initiates near
the peak strength by the growth of inclined cracks around
the holes, which interact with each other. Generally, this
interaction occurs simultaneously in the vicinity of diago—
nally neighboured holes and is accompanied both by a rapid
stress drop and acoustic emission activity. A typical se-
quence of this type of shear fracture development is shown
in Fig. 2. During a first stage the shear fracture passes
through holes along the main diagonal in the upper and
central part of the specimen leaving three unbroken bridges
in the bottom right and the upper left region of the soft
inclusion (Fig. 2a). In a later stage (7 min after the first
event) the shear fracture has almost fully developed along
the diagonal within the soft inclusion (Fig. 2b). Other ex-
periments show the formation of several shear fractures
which develop subsequently. A new shear fracture usually
stops when it interacts with an existing old fracture. Gener-
ally, tensile cracking is absent during the growth of one
shear fracture, but may occur again in an unfractured
region as preparation for a subsequent macro—shear frac-
ture.

The mechanisms and the sequence of fracturing process
observed in pyrophyllite specimens with soft inclusions are
schematically summarized in Fig. 3. The plot will also em-
phasize that the macro-shear fractures do not originate di-
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rectly by interaction of tensile cracks, which developed dur-
ing the first stage of fracturing. The effect of closure of
tensile cracks by shear fractures, the stopping of shear frac-
tures at intersections, and the breaking of barriers are
clearly demonstrated. In Fig. 4 some examples of typical
stress-strain curves are presented. The average strength of
the pyrophyllite specimens follows the empirical relation

where 50 is the average strength of intact specimens, FIN
is the strength of specimens containing N holes within a
soft inclusion region, and a: 8 MPa.

Preparation of Macro-Shear Fractures

A detailed picture of the development of the macro-shear
fracture is obtained if we consider the distribution of cracks
in space (or surface area) and time. This is demonstrated
for Specimens No. 2 and No. 1 in Figs. 5 and 6, where
all crack events associated with the formation of the main
shear fractures are plotted as a function of time t (or
strain a) and the location along the narrow zone of the
future shear fracture of length h.

In Fig. 5a, h corresponds to the length of the shear
fracture in Fig. 2, which extends from the right bottom
to the left upper part of Specimen No. 2. The plot demon-
strates that the preparation of the shear fracture initiates
about 36 min after the start of the experiment
($23 ><10‘6 s‘l) in the central part of the soft inclusion
and then extends outwards. At t: 42 min the shear fracture
formation essentially is completed; only a few barriers are
left which count for less than 30% of the fracture length
h. During the subsequent deformation (42 < t< 62 min) only
two further fracture events occur, the last one in the bottom
part of the specimen, which leads to unstable slip along
the macro-shear fracture. If we assume that each of the
fracture events along the shear zone also corresponds to
a seismic event, then the existence of a period of “seismic
silence” is clearly demonstrated prior to unstable shear
along the macro—fracture (Fig. 5b). In comparison, the
cracks outside the zone of the future macro-shear are ran—
domly distributed in time until the termination of the exper-
iments (Fig. 5c).

A similar sequence of fracture development is observed
for Specimen No. 1 in Fig. 6. Here about 60% of the shear
fracture plane is developed after 74 min, while the remain—
ing “unbroken” barriers in the central part kept the applied
load and broke only 2min before the final rupture (Fig. 6a).
Again one can discriminate the progressive fracturing dis—
tributed randomly in the rock adjacent to the main fracture
(Fig. 6c), and the periodic distribution of fracture events
which lead to rupture along the main fracture. Although
other experiments demonstrate a more complex fracture
pattern (several faults may initiate), the tendency for a peri-
odic shear fracture formation both in space and time is
always recognized. In this respect, it was of only minor
importance if the holes were empty or filled with a material
(epoxy) of different elastic properties. Similarly, the shape
of the inclusion region has no significant effect on the se—
quence of the fault formation.

The experiments also allow us to speculate on two other
critical aspects associated with the development of macro
fractures. These are the question of the critical crack density
prior to crack interaction as well as an estimate of the value
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of the critical strain energy release rate or specific surface
energy.

In order to estimate the critical crack interaction param—
eter K mentioned above, we consider the length of cracks
within the soft inclusion region and the distance between
neighbouring cracks. The average length of visible initial
cracks is about ï=6 mm, which also reflects the average
distance between the holes. Since large fractures originate

98 106
t, min —-

Fig. 6a—c. Spec. No. 1, see caption for Fig. 5

from interaction of initial cracks their length is taken as
a multiple of the initial crack length. The average distance
between neighbouring cracks may be estimated for the 2 D
case from L=(S/N)”2, where N is the total number of
cracks of length ï and S is the area of the large face of
the specimen. Then the evaluation at the moment of unsta-
ble shear fracture formation results in K-values for pyro-
phyllite between 3 and 5 (Table 1). These are of the same
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order of magnitude as the values of K observed for technical
materials (Zhurkov et al., 1977). K-values derived for speci-
men failure range from 2 to 3. The only exception is the
value for specimen No. 9 (K249) which contained only
28 drillholes so that the average distance between cracks
was considerable less. If we confine this analysis to the
narrow zone around the diagonal macro-shear failure, the
K-value may be defined as the ratio between the total length
of the unbroken barriers and the length of the broken bar-
riers. This yields a K-value of 0.4—0.5. This may reflect
the fact that during the final stage prior to instability the
total load is carried by only a few, very strong obstacles,
and crack coalescence is neglegible.

The critical energy release rate GC is defined such that
Gcöf is the excess of work done by the external forces over
the total change in strain energy of the material and the
work against frictional forces which resist crack motion
(ôf area of infinitesimal crack propagation). Physically Gc
can be interpreted as the energy flux to breakdown pro—
cesses at the crack tip. For pure mode-II crack growth
under plane strain conditions GHC is related to the critical
stress intensity factor K1‚C by

1 — v2
Guc = —E—KÎIC (2)

where E is the Young’s modulus and v the Poisson ratio.
An estimate of the magnitude of the fracture energy GHC
for fault motion where cracking is not only confined to
the crack tip region, can be obtained from the slip-weaken-
ing model suggested by Rice (1980). The model assumes
that the shear strength 1 of the material resisting Slip varies
with the amount of slip, AS and the excess of the actual
work of the breakdown process over the work of frictional
sliding against the residual stress 1, corresponds to the
mode-II critical energy release rate Gm: and is given by
the relation

As*

GIIC: l {TlAS)—Tr}d(415)- (3)

In the simplest case the breakdown process is modelled
as rate insensitive and 1 exhibits a peak strength Im which
degrades to a constant residual friction level, 1,, when AS
exceeds an amount As*. The peak strength Im may corre—
Spond to the onset of slip for fresh fracture, but perhaps
preceeded by Slip at lower stress levels for a pre-existing
fault.

Although Eq. (3) relates to local shear events at stress
concentrations along a potential shear plane, Rice (1980)
suggested that GHC-values should be estimated from mac-
roscopic unstable stick-slip events in laboratory triaxial
compression experiments on specimens containing polished
sawcut faults (Rummel et al., 1978). In such experiments
the Slip event occurs in an essentially simultaneous manner
everywhere on the fault surface, rather than in a cracklike
mode as assumed in Eq. (3). Similarly, we may derive frac-
ture parameters from uniaxial compression tests as carried
out within this study on pyrophyllite (Fig. 4, Table 1). For
this purpose we must express axial stress 01 and strain A [/1
in terms of 1 and As on the shear plane which is inclined
at an angle Ü with respect to al (Fig. 7).

For a first rough estimation of GHC and Km: values
from our experimental data we neglect pre-peak microfrac-
turing and assume that the shear fracture developed during
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Fig. 7a and b. Procedure inferring shear stress 1 and shear displace—
ment A s from axial stress-strain curves al VS. A l. 0', and 1, residual
strengths. A[* irriversible specimen shortening. Shaded area in
b corresponds to G„C (after Rice 1980)

Table 2. Fracture energy GHC and critical stress intensity factor
KIIC

Specimens A s * A I Gm; Km:
number mm MPa kJm _ 2 MNm _ 3/2

1 3.4 6.9 12 5.1
2 2.1 5.5 5.8 3.6
3 1.5 5.4 4 3.0
4 2.6 6.7 8.7 4.4
5 1.8 8.7 7.8 4.1
6 1.7 6.4 5.4 3.4
8 1.5 6.3 4.7 3.2
9 2.9 5.4 7.8 4.1

10 3.05 8.8 13.4 5.4
12 2.4 6.7 8.2 4.2

7 2.4 11.2 13.7 5.5

average 8.3 4.2

only one instability event when the peak shear strength
was reached. This situation is typical for fracture in brittle
rocks and generally leads to zero residual strength (1,20)
in uniaxial compression tests, particularly if carried out in
soft loading systems. As seen from Fig. 4 the fracture
behaviour of pyrophyllite is brittle although the fast-acting
servo—system prevented an immediate stress drop to 1,20.
So, taking 6%550, Ez2 GPa, 1,20 and assuming V203
we obtain with Eqs. (2) and (3) the results given in Table 2.
The average value of Guc is 8.3 kJm‘Z, the average value
of K110 is 4.2 MNm—3”. These values are considerable less
than the data determined for frictional Slip on granite shear
surfaces under high normal stresses (GHCz4(F7O kJm‘Z;
Rummel et al., 1978; Rice, 1980). In comparison, Husseini
et al. (1975) derived values of G11C associated with the arrest
of earthquake ruptures which range from 1 to 106 Jm‘z.
They divide results into those for frictional sliding
(1—104 Jm—Z) and for fresh fracture (104—106 Jm‘z).

Certainly, the assumption that the shear fracture devel—
ops during only one event is correct only for compression
tests carried out in soft loading systems which provide suffi-
cient energy for fracture growth. As seen in our experiments
using a fast—acting servo-controlled loading system (Fig. 4)
the formation of the main fracture is associated with several
distinct stress drops of about 0.4—2 MPa or even smaller.
For such events the magnitude of G, ranges from about
0.01 to 2 kJm‘2 with an average of about 0.2 kJm‘2 if
we estimate the corresponding local slip amount from the
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Fig. 8a—c. Examples of typical acoustic emission events monitored
by a transient recorder during fracturing in a Spec. No.7, and
b, c No. 10

axial stress-strain curves as indicated in Fig. 7. This may
include considerable errors and therefore the low values
of Gm; obtained from small stress drop events should be
considered with caution.

Acoustic Emission and Seismic Velocity Changes
As mentioned above, detectable acoustic emission activity
was mainly associated with shear fracture development in
the specimens. Some examples of acoustic emission signals
are given in Fig. 8. The frequency of P-waves as
20—100 kHz, decreasing with progressive fracture. The fre—
quency range corresponds to fracture lengths of 6—30 mm.
Since only one channel was used, the determination of S-
wave arrivals is difficult and a source location as well as
a discrimination of events from the shear fracture and the
surrounding rock was not possible. Thus, Fig. 9 shows only
the total number N of seismic events as a function of time
or strain (è: 3-10“6 s‘ 1), together with the change of stress
al, the change of seismic velocities up and vs, and the in-
crease in the number of visible cracks, N. Acoustic emis-

sions appear close to the peak stress when shear fractures
initiate. Generally, one shear fracture occurence produced
hundreds of recorded events although it is recognized that
the counter was triggered continuously during the duration
of such a progressive fracture. Thus, only a rough correla-
tion exists between the number of visible cracks and the
number of seismic events monitored. Acoustic emission ac-
tivity was periodic and correlated well with distinct stress
drops. No defined period of silence in acoustic emissions
prior to the unstable shear fracture propagation is observed.
This is apparently due to the fact that shear fractures occur
randomly outside the main fracture before instability (seis-
mic silence, Fig. 5c, 6c).

Both P- and S—wave velocities measured along the (Il-di-
rection increased considerably during the elastic stage of
loading (Fig. 9). The S—wave velocity starts to decrease after
the first shear fracture appears. P-wave velocities tend to
decrease only in the post—failure region. The ratio vp/vs
seems to increase during the final stage of the experiments.

Conclusions

The experiments clearly demonstrate that fracture processes
will be confined to a soft inclusion in brittle rock, if loca—
tions of high stress concentrations exist in this region. Volu-
metric cracking in the form of tensile cracks is stable and
generally randomly distributed. Crack interaction starts
from more complex cracks which subsequently often appear
at locations of initially highest compression. Theoretical
studies to investigate the changes in the local stress field
due to first cracking are urgently needed to understand
the origin of these secondary cracks. The crack interaction
leads to the formation of a macro-shear fracture. The crack
interaction parameter for the total specimen volume has
the same value as for many technical materials. But it is
considerable smaller in the area of the shear fracture zone.
This indicates that the total applied load is carried by only
a small number of strong barriers in the shear fracture zone
during the final stage of macro-shear fracture formation.
This stage may be interpreted as the period of seismic
silence and the barriers as seismic gaps in the sequence
of earthquake occurence along seismo-active natural faults.

The values obtained for the fracture energy of the pyro-
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phyllite rock investigated are in the range of values dis-
cussed for frictional sliding associated with the arrest of
earthquake ruptures (1—104 Jm“2; Husseini et al., 1975)
and do not account for fresh fracture (104—106Jm72).
However, it must be realized that pyrophyllite is a rock
of low strength and, although brittle under uniaxial defor-
mation, will deform easily by discrete shear under moderate
confining stresses. Since only a few direct measurements
for determining values of fracture energy of mode-II behav-
iour exist it seems necessary to systematically investigate
this parameter for a large range of rocks. Simultaneously,
we carefully must consider the techniques and boundary
conditions in such experiments. Similarly, the question of
stress drop, and shear fracture growth or confined slip on
existing faults urgently need further quantitative experimen-
tal research.

Although numerous theoretical approaches exist and
this study revealed some first empirical information on
shear localization, it seems important to further quantify
experimental observations, particularly in coarse grained
rocks without artificial strain concentrators as well as under
various environmental conditions such as stress confine—
ment, temperature and pore fluids. Simultaneously, volu-
metric fracturing should be considered as it permits pore
pressure changes and the migration of fluids prior to earth-
quakes.
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The Shape of the Geomagnetic Field Through the Last 8,500 Years
Over Part of the Northern Hemisphere
K.M. Creer and P. Tucholka
Department of Geophysics, University of Edinburgh, King’s Buildings, Edinburgh EH9 3]Z, UK

Abstract. Regional type curves depicting secular variations
of declination and inclination through the last 10,000 cal—
endar years constructed for north-western Europe (3560 E,
550 N) and east-central North America (2700 E, 460 N) by
stacking palaeomagnetic data derived from lake sediment
cores are described and analysed. The spectral content and
phase relationships of the two pairs of curves show that
they have a complex origin with both drifting and standing
geomagnetic sources contributing to them. The strongest
evidence of drifting sources is provided by the inclination
type-curves which exhibit maximum correlation for a phase
shift of ~650 years suggestive of westward drift at a rate
of about 0.13 degrees a year. At the same time, comparison
of the declination type-curves strongly suggests that waxing
and waning standing sources were dominant. We show that
the difference in relative importance of drifting as compared
to standing geomagnetic sources implied by the patterns
of correlation deduced respectively for declination and incli-
nation can, at least in principle, be attributed to observation
point/geomagnetic source geometry by modelling the secu-
lar variation that would be produced by standing but oscil—
lating equatorial dipoles and radial dipoles located deep
within the outer core, by a pair of drifting deep-seated radial
dipoles of constant intensity and by drifting sheets of radial
dipoles (taken to represent current-loops) located at shallow
depth within the outer core. Each of these model sources
produces secular variation curves with distinctive shapes
and phase relationships. Hence, an attempt is made to iden-
tify qualitatively the types and locations of the sources
which dominated the secular variations as recorded by our
type-curves. One of our most important conclusions is that
there appears to be a ‘ turning-point’ at ~ 4,750 years before
present when the relative amplitudes of the active ‘ standing’
sources changed but the characteristics of the drifting
sources appear to have remained relatively unchanged.

Key words: Palaeomagnetism — Lake sediments — Secular
variation —- Geomagnetic field

Introduction

The properties of lake sediments as recorders of geomag-
netic secular variations render them particularly suitable
for the investigation of the part of the geomagnetic spec-
trum with characteristic times ca. 103 years. There is a cut-
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off at the shorter period end of the spectrum at ca. 100 years
imposed by the smoothing of the recorded signal associated
with the magnetization recording process (Tucker, 1979;
Creer, 1982).

Type-curves illustrating geomagnetic secular variations
(SV) in declination and inclination for N.W. Europe and
east-central N. America are shown in Figs. 1 and 2 respec-
tively. These SV curves which run back to 10,000 calendar
years before present (present: 1950 AD) were produced by
stacking records from individual cores of lake sediment.
The plotted points were interpolated from the measured
data points at uniform increments of 40 years and the hori-
zontal bars indicate the standard deviations of the mean
value at each time horizon. The pair of SV curves for
3560 E, 55O N were constructed (Creer and Tucholka,
1982a) from records obtained from Loch Lomond and
Lake Windermere, U.K. (Turner and Thompson, 1981) and
the sequences of labelled features are also to be recog-
nized (though not exactly reproduced) along individual core
records from Switzerland (Creer et al., 1980), Poland (Creer
et al., 1979) and Greece (Creer et al., 1981). The pair of
SV curves for 2700 E, 460 N were constructed using results
from Lakes St. Croix and Kylen, Minnesota (Banerjee
et al., 1979) and from Lakes Superior and Huron (Mother-
sill, 1979; 1981) as described by Creer and Tucholka
(1982b). The time-scales were derived from numerous ra—
diocarbon age determinations, carried out in different labo-
ratories in U.K. and USA. All these radiocarbon ages
were calculated using the Libby half-life (5,568 years) and
95% of the isotopically corrected activity of NBS oxalic
acid as the reference standard (Broecker and Olson, 1961).
In this paper they have been converted to calendar years
(Clark, 1975). We have labelled the principal features char-
acterizing the European SV curves with letters from the
Greek alphabet and those characterizing the N. American
SV curves with letters from the Roman alphabet. Capital
letters are used for declination and lower case letters for
inclination.

Previous attempts to interpret the relationship between
Holocene SV records obtained from N. American and U.K.
lake sediments led to different, though not necessarily con-
flicting conclusions. The first such attempt was made by
Creer, Gross and Lineback (1976) and by Creer (1977) who
deduced that waxing and waning or oscillating standing
geomagnetic sources had dominated the SV because of dif-
ferent periodicities (~2,200 years in Lake Michigan and
~2,700 years in Lake Windermere) apparent in the decli-



nation records. Later, when improved inclination records
had been obtained, it became clear that, at least visually,
there was a good correlation across the N. Atlantic with
a phase shift of some 500 years which was interpreted as
evidence of westward drift (Creer, 1981a). The paradox
of standing sources appearing to dominate the SV as read
from declination records and, at the same time, of drifting
sources appearing to dominate the SV as read from inclina-
tion records persisted even when stacked SV type-curves
for N. America and U.K. were compared (Creer and Tu-
cholka, 1982a).

The coexistence of evidence of standing and drifting
geomagnetic sources through Holocene time is not surpris—
ing since, as is well known, both types of source must be
invoked to explain observatory geomagnetic records cover-
ing the last few centuries (Yukutake and Tachinaka, 1969).
The problem is to explain why a comparison of declination
SV type-curves and a similar comparison of inclination SV
type-curves lead to different conclusions — surely if drifting
and standing sources have coexisted, evidence of both
should be forthcoming from all elements of the geomagnetic
field, including declination and inclination.

In this paper, we describe further analyses of the rela—
tionships between the N. American and U.K. SV type-
curves.

Normalization and Straightening of the Type-Curves
The first step in our comparison of the respective pairs
of declination and inclination type-curves was to subtract
the long wavelength trends. We did this by fitting cubic
Splines with different numbers of knots and finally chose
to remove the trends defined by the curves obtained using
one knot only. Second, we normalized the respective pairs
of curves by equalizing the root-mean-square deviations
from the mean of the straightened curves. This involved
increasing the amplitudes of the U.K. curves by factors
of 3.1 for declination and 1.1 for inclination (refer to the
scale divisions marked on Figs. 1 and 2). This use of differ—
ent normalization factors for declination and inclination
cannot be attributed to a systematic difference in the effi—
ciency of the magnetization process as it proceeded in the
U.K. and Great Lakes sediments since this would attenuate
declination and inclination SV amplitudes equally: it must
be related somehow to the geomagnetic source — observa-
tion point geometry and this is further discussed below.

It is risky at this stage to attempt any interpretation
of periodicties of the order of the length of the records
available i.e. ca. 5,000 years or more, both because of tech—
nical difficulties associated with taking sediment cores and
because of the limitations of available time-series analysis
methods.

Within-Region Correlations

Objectives

We identify declination type-curves by the letter D and incli-
nation type-curves by the letter I. N. American data are
identified by the number 1 and U.K. data by the number
2. Thus D1 refers to the N. American declination type-
curve.

With the object of determining the basic spatial and
temporal properties of the dominant geomagnetic sources
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Fig. l. Type—curves depicting secular variations in declination ob-
tained by stacking palaeomagnetic data from individual cores of
lake sediment. On left: curve for east-central N. America — Lakes
Superior and Huron and Minnesota lakes (mean position 27’0“ E
46Ü N). On right: curve for N.W. Europe — Lake Windermere and
Loch Lomond, U.K. (mean position 356" E, 55” N). Data points
interpolated at 40 years intervals. Standard error bars shown.
Each scale division of declination represents 10°. Arbitrary zero.
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Fig. 2. Type-curves depicting secular variations in inclination ob-
tained by stacking palaeomagnetic data from individual cores of
lake sediment. On left: curve for east-central N. America — Lakes
Superior and Huron and Minnesota lakes (mean position 2m“ E
46“ N). On right: curve for N.W. Europe — Lake Windemere and
Loch Lomond, U.K. (mean position 356” E 55Ü N). Data points
interpolated at 40 years intervals. Standard error bars shown.
Each scale division of inclination represents 10". Inclination values
are centred around zero
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Table 1. Correlative features of type curves 0—4,760 B.P.

Pair Ap T A¢ A¢/T Sor D?

D1/D1 — 1,100 — — —
12/12 — 1,050 — — —
D1/12 0.98 1,050 130 +0.13 S+D
11/12 ~03 ~ 1,000 ~250 ~0.25 (very weak)
D1/D1 — 2,100 — — —
11/11 — 2,000 — — —
D2/D2 — 1,950 — — —
12/12 — 1,970 — — —
D1/11 1.04 2,100 +600 ~ +0.28 D+S
D1/D2 1.18 ~2,000a ~0 ~0 §
11/12 0.88 2,2003 +720 +0.33 D+S
D1/12 0.98 2,030 +130 +0.13
D2/11 1.28 2,100 —750 —0.36 ‚
D2/12 0.62 ~3,000? ~0 0 §+D

a for 1,000—4,760 B.P.
D1, D2 respectively N. American and U.K. declination curves
11, 12 respectively N. American and U.K. inclination curves
A p=difference between peak positive and negative correlation co—
efficients
T=inferred period
A (p =phase shift for positive peak in p
S, D refer to standing or drifting source

which caused the SV patterns recorded by our type-curves,
we have computed correlation coefficients, p, as a function
of phase—shift ¢ of the timescales for the following combina—
tions: (i) autocorrelations D1 /D1, D2/D2, 11 /11 and 12/12
and (ii) declination—inclination pairs D1/11 and D2/12. ç!)
was changed between ——2,000 years and +2,000 years in
40 year increments. To calculate the correlation coefficient
we used the standard formula:

p: ZMXiAYi) zmxiÿzm 11-)?“
i=1 1:1

where AXii—X/and A K: K— Ÿ.
p can vary from —1 for an exact negative relationship

through 0 for no correlation at all to +1 for an exact
positive relationship. The significance of the calculated
value of p can be tested against Student’s t-distribution
for N—2 degrees of freedom. As the number of points used
always exceeded 51 we can read off upper limits to the
values ofp from a table listing critical values ofp for proba-
bility levels P=0.05, 0.01, 0.001 for 50 degrees of freedom.
Using Table 7.1 of Rao et a1. 1966 we find that the proba-
bilities that the tested relationship is accidental is less than
5% for p=0.273, less than 1% for p=0.354 and less than
0.1% for p=0.443.

When we started this investigation (Creer and Tucholka,
1982a), it soon became clear that the correlation curves
showed a distinct change in character just after ca.
5,000 B.P. which, for the purposes of computation we have
placed at 4,760 B.P. Therefore we performed separate anal-
yses of the data for the intervals 0—4,760 B.P. and
4,760—8,520 B.P. All the results are summarized in Tables 1
and 2.

Autocorrelation

Autocorrelation provides a simple yet effective method of
spectral analysis because dominant periodicites show up

Table 2. Correlative freatures of type curves 4,760—8,520 B.P.

Pair Ap T A¢ âgé/T Sor D?

D1/D1 — 2,000 — — —
I2/I2 — 2,100 — — —
D1/11 1.40 2,250 625 +0.28 D+S
D2/12 1.04 1,965? 1,113 +0.57 §+D
11/12 1.34 2,260 460 — assumed D
D1/12 1.44 2,100 — 165 —0.08 ?
D1/D1 — 3,670 — — —
D2/D2 — 3,460 — — —
D1/D2 1.48 3,735 —425 —0.11 §+D
11/11 — 2,850 — — —
D2/11 — 2,670? 885 0.33 S+D

Key to symbols given under Table 1

O — 4 7 6 0 B P

P(D1/D11 p(I1/11) 9(02/021 DMZ/l2)
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Fig. 3a—d. Autocorrelation curves for 04,760 B.P. — correlation co-
efficient p plotted against phase shift q). p varies from —1 for
an exact negative relationship through 0 for no relationship to
+1 for an exact positive relationship. d is plotted in Kyr along
the vertical scale. a N. American straightened declination, D1; b
N. American straightened inclination, 11; c U.K. straightened
declination, D2; d U.K. straightened inclination, 12. Long wave-
length trends were subtracted from type-curves before computation
of p vs. (p

as a succession of maxima and minima along the autocorre-
lation curve of p vs. qß. The phase difference A¢ between
successive maxima or minima is a measure of the main
periodicities in the SV curves. The method only works for
periodicities shorter than the length of the record under
investigation but within this limitation, we found it to be
more reliable than sophisticated methods of time series
analysis, the results of which will be discussed below.

0—4,760 B.P. There is a marked similarity between the au-
tocorrelation curves D1/D1 (Fig. 3a) and I2/I2 (Fig. 3d):
the spectral content of the N. American declination type-
curve is similar to that of the U.K. inclination type—curve.
The form of these curves which are characterized by alter-
nating larger and smaller amplitude peaks may be simulated
by autocorrelating a synthetic curve composed of two perio-
dicities, one of them about half the other. Therefore, we
interpret these curves as containing the following approxi-
mate periodicities: D1 /D1, 1,100 years (A ¢ between the first
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Fig. 4a—d. Autocorrelation curves for 4,760—8,520 B.P. — correlation
coefficient p plotted against phase shift a}. p varies from —1 for
an exact negative relationship through 0 for no relationship to
+1 for an exact positive relationship. o5 is plotted in Kyr along
the vertical scale. a N. American straightened declination, D1; b
N. American straightened inclination, I1 ; c U.K. straightened dec-
lination, D2; d U.K. straightened inclination, [2. Long wavelength
trends were subtracted from type-curves before computation of
p vs

pair of minima gives T and 21¢ between the second pair
of minima gives 3 T) and 2,100 years (given by A a) between
the pair of subsidiary maxima). Similarly for [2/12 we iden—
tify T~ 1,050 years and 1,970 years. The D2/D2 and 11/11
curves show evidence of a single periodicity only, given
by 21¢ between the pair of subsidiary minima. For both
curves, we thus estimate T~1,950 years. The accuracies
of these estimates of periodicity depend on the precision
with which the maxima and minima of the autocorrelation
curves can be identified. Typically this is about i 50 years.

4,760—8,520 B.P. All four autocorrelation curves show only
a single pair of minima in the range of phase shifts applied
to the type—curves (——2,000 to +2,000 years). These corre-
spond to the following approximate periodicities:
2,100 years for 12/12 (Fig. 4d), 2,240 years for 11/11,
(Fig. 4b), 2,540 years for D1/D1 (Fig. 4a) and 3,410 years
for D2/D2 (Fig. 4c). While the two inclination periods may
possibly be associated with the 1,950 years period indenti-
fied for the younger part of the records, the two longer
periods are significantly different.

Correlation of Declination-Inclination Pairs

The phase relationship between declination and inclination
SV curves provides an important clue as to the properties
of the time-varying geomagnetic sources which produced
them. This will be discussed fully below. Meanwhile, we
proceed to describe the observed correlations.

0—4,760 B.P. The correlation curves for N. America and
U.K. have quite different shapes. The D1 /11 correlation
(Fig. 5a) is best (p=+0.52) for a phase shift (21¢) of
720 years. The common periodicity (T) may be estimated
from the phase difference between successive maxima or
minima which gives ~2,100 years. Thus A¢/T~0.33. The
D2/I2 correlation (Fig. 5b) is rather poor p varying from
+0.27 to —0.29. The phase shift between the two minima
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Fig. Sa—d. Correlation curves, p vs. (p for a N. American (Dl/I1)
and b U.K. (D2/I2) declination and inclination pairs 0—4,760 B.P.:
c and d respectively the same for 4,760—8,520 B.P. Long wavelength
trends removed

gives T~3,000 years. A¢/T~ —0.1, i.e. declination and in—
clination variations are almost in phase.

4,760—8,520 B.P. These correlation curves (Fig. 5c, d) are
similar in form and moreover the former is similar to the
corresponding (DI/I1) curve for the younger (Fig. 5a) time
interval. The phase differences for maximum correlation
are: for N. America, A¢~625 years (p: +0.72) and for
U.K., A¢~ 1,110 years (,0: +0.84). The N. American peri-
od is ~2,250 years and the U.K. period is only weakly
defined being greater than ~2,000 years. For N. America,
A¢/T~ 0,25 and for U.K., A¢T~0.55.

Between-Region Correlations

Previous Work

The inclination SV type-curves for N. America and western
Europe show marked similarities which can be identified
on Visual inspection (Creer, 1981 a), particularly for those
parts of the records older than features h and 6. The declina-
tion SV type-curves are also very similar in form, particular-
ly post ~ 5,000 B.P. Before ~5,000 B.P. an inverse correla—
tion has already been inferred and the suggestion made
that an adjustment should be made to one of the time-scales
such as to obtain the best anticorrelation for A ç!) = 0 (Creer
and Tucholka, 1982 a). We now re-examine the D1/D2
and 11/12 correlations and we also examine other correla-
tions D1/12 and D2/I1.

0~4,760 B.P. Figure 6a illustrates a strong positive correla-
tion which peaks at p ~ + 0.68 for zero phase shift. A similar
result is obtained for window 1,000—4,000 B.P. (Fig. 6b)
with p~ + 0.78.

4,760—8,520 B.P. The correlation curve (Fig. 6c) exhibits
two peaks separated by a phase shift of ca. 1,850 years
corresponding to a quasi—period of ca. 3,700 years. The pair
of declination curves are correlated almost inversely, the
negative peak (p~—0.80) occurring for A¢~400 years
such that correlated features appear younger along the
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Fig. 6a—e. Correlation of N. American and U.K. straightened decli—
nation type-curves, D1 and D2. a 0—4,760 B.P.; b 1,0004,760 B.P.;
c 4,760—8‚520 B.P.

U.K. curve. The maximum, p~+0.68 occurs for
A¢~ + 1,475 years.

Inclinalions 11/12

0—4,760 B.P. Figure 7a shows that the 11/12 correlation is
poor for all phase shifts but when the most recent thousand
years of record are removed, i.e. for window
LOGO—4,760 B.P.‚ p attains a maximum of + 0.32 for a phase
shift of + 700 years and the phase difference
A ¢~ 2,300 years between the two maxima in p is suggestive
of a common periodicity in both N. American and U.K.
inclination records.

4,760—8,520 B.P. The coefficient, p, peaks at +0.70 for a
phase shift of +460 years (Fig. 7c) and the phases of the
maxima and minima indicate the presence of a common
periodicity of 2,200~2,350 years.

Declination-Inclination Pairs DI/I2 and D2/II

The observed similarity between the autocorrelation D1 /D1
and 12/12 curves (see above) leads us to consider the cross
relationships D1 /I2 and D2/11. The results should throw
some light on the geomagnetic source/recording point ge-
ometry.

0—4,760 B.P. Figure 8a shows that the D1/I2 correlation
curve has much the same form as each of the respective
autocorrelation curves. D1 lags behind 12 by ~ 130 years.
The phase difference between the two inner minima gives
T~1,110 years and between the outer minima they give
3 T~3,100 years, i.e. T~ 1,030 years so that A¢/T~0.12.
The unequal heights of the maxima and minima suggest that
a second period of T~ 2,000 years is also present. Figure 8 b
shows the D2/I1 correlation curve which has a quite differ-
ent shape: D 2 leads Il by ~ 750 years. The common period-
icity is estimated at ~2,100 years and hence A ¢/T~ 0.36.

4,760—8‚520 B.P. Figure 8c shows the D1/I2 curve: D1 leads
12 by only ~ 160 years, so that they are very nearly in phase
(A (‚15/ T~0.08) and the common periodicity is estimated at
~2,100 years. The form of the D2/11 curve (Fig. 8d) sug-
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Fig. 7 a—c. Correlation of N. American and U.K. straightened incli—
nation type-curves, I1 and I2. a 0—4,760 B.P.; b LOGO—4,760 B.P.;
c 4,760—8,520 B.P.
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Fig. Sa—d. Cross correlation of declination and inclination between
N. America and Europe. a D1/I2; b D2/11 for 0—4,760 B.P.: c and
d same respectively for 4,760—8,520 B.P.

gests a longer period of about 2,660 years, D2 lagging
behind Il by about T/4.

Time-Series Analysis

The autocorrelation method described above is not practi—
cal for the determination of periodicities which approach
the length of the available record. Therefore we carried
out time series analyses on each declination and inclination
type curve separately using the maximum entropy method
(Burg, 1967; 1968) and we also analysed the declination—
inclination pairs simultaneously by representing them as
series of complex numbers (Denham, 1975) using programs
developed by Barton (in press 1982) who discussed the ap—
plication of established methods of time-series analysis to
palaeomagnetic data sets.

Analyses were carried out for six different prediction
error filters (PEF), of 400, 800, 1,200, 1,600, 2,000 and
2,400 years. These correspond to 10—60 time increments of
40 years, i.e. approximately 1/12—1/2 of the length of the
data sets being analysed. If the PEF is chosen too low,
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Table 3. Periods inferred from spectral analyses

Time interval Curve Periodicities

0—4,760 B.P. D1 ~1,000 2,800
D2 ~ 2,700
I1 N 2,000
[2 1,050 3,350
D1/11 N1,000 2,200 3,300
D2/I2 ~ 1,000 2,500

4,760—8,520 B.P. D1 3,050
D2 4,000—4,400
I1 2,200
I2 2,000
D1 /I1 2,500 3,200
D2/I2 1,700 2,000

Prediction error filter' 1,200 and 1,600 years

the spectrum obtained is over smoothed and if it is chosen
too high frequency shifting and spontaneous splitting of
the spectral peaks occur, so the correct choice of PEF is
important and it is not always obvious when this choice
has been made. We quote our results obtained for PEF
values of 1,200 and 1,600 years for which the positions
of the spectral peaks showed a tendency to stabilize before
splitting at higher PEF values. We shall discuss the spectra
for younger and older parts of the record separately. The
results which are summarized in Table 3 confirm the con—
clusions already drawn above.

0—4,760 B.P.

Both U.K. inclination (I2) and N. American declination
(D1) type curves show a spectral peak at T~1,000 years
which is stable for PEFs from 800 to 2,400 years. Other
peaks at about 2T, 3T and 4T occur in the spectra for
different PEFs but not all in any given spectrum. These
results are consistent with those obtained by the simpler
approach described above.

The U.K. declination spectrum (D2) shows a single peak
at TN2,700 years and the N. American inclination (I1)
spectrum shows a single peak at TN2‚000 years. We ob-
tained T~ 2,000 years for both D2 and I1 autocorrelation
curves (see above).

The complex number method resolves a peak at TN
1,000 years for all tested values of PEF for both D1/11
and D2/I2 pairs but none of the other peaks are stable
over an appreciable range of PEF (compare with results
above).

4,760—8,520 B.P. Both inclination spectra show a single peak
at T~ 2,100 years. This is in agreement with the results giv-
en by the autocorrelation method. The declination spectrum
for D1 shows a single peak at T~ 3,000 years and D2 shows
a single peak at TN 4,000—4,500 years (U.K.). The autocor-
relation method gave rather shorter periods: T~ 2,550 years
for D1 and T~3,500 years for D2.

The complex number method shows peaks at TN 3,200
years, 2,500 years and 1,100 years for (2,250 years) D1 /11
and at T~ 2,000 years and 1,700 years (N2,000 years) for
D2/I2, the values in brackets being those obtained by au-
tocorrelation.
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Source Models

Basic Types of Source

In order to interpret the results described above, we shall
now consider the properties of some basic types of geomag-
netic source. The simplest kind of source one can imagine
is a dipole or a current loop and the latter may conveniently
be represented by a sheet of dipoles. In principle, secular
variations can be produced by variations in the strength
(M) and orientation of the main geomagnetic dipole and/or
by changes in topography and/or drift of the non-dipole
field (NDF). The former may be simulated in part by
steady drift or fluctuations in azimuth of a geocentric equa-
torial dipole (GED), i.e. by changes in ratio of the Gauss
coefficients g} and hi and/or by fluctuations in the intensity
of the GED relative to that of the axial component (Gauss
coefficient g?) of the main dipole. The shape of the NDF
may be modelled by representing it as a set of radial dipoles
(RD) located in the outer core. For example, Alldredge
and Hurwitz (1964) used a set of eight deep—seated RD
at r: 1,750 km. Secular variations may then be simulated
by drift and/or by fluctuations in intensity of these RD
relative to one another and also to the main dipole (Creer,
1977, 1981 b; Creer and Tucholka, 1982a) or alternatively
by sheets of dipoles located near the top of the outer
core if the NDF is to be represented by a set of current
loops.

The shape and phase relationships of the declination
and inclination waveforms produced by different models
depend critically on the size and depth of the geomagnetic
source and on whether it is drifting, oscillating or pulsating.
We shall illustrate this point here by considering a few spe-
cific models, without attempting a comprehensive survey.

Drifting Radial Dipoles

Yukutake and Tachinaka (1968, 1969) deduced that the
symmetry of the drifting part of the NDF through historic
time has been essentially quadrupolar with one positive and
one negative focus in each of the northern and southern
hemispheres. Although theirs is not a unique interpretation
of instrument—based geomagnetic data for the last four cen-
turies, it is nevertheless pertinent to consider a model, based
on their analysis, consisting (for the northern hemisphere)
of two drifting RD, one with N pole pointing up and the
other with S pole pointing up. The curves shown in Fig. 9a
were computed for two such RD at 450 N latitude and
separated by 1800 of longitude at r: 1,750 km. Their
strength, relative to the main dipole is given by m/M= 0.17
and the drift rate is such that they make two revolutions,
in a retrograde sense, relative to the mantle in the time
interval spanned by the curves (10,000 years). The observer
is on latitude 450 N so that each RD passes directly under-
neath him once every 5,000 years. The characteristics of
the resulting SV are (i) flat and rather square declination
anomalies and (ii) cusp shaped inclination anomalies which
are markedly assymmetrical about the axial dipole inclina-
tion for 45O N (~ 630). It is relevant to note that the inclina—
tion variations observed along the Lake Superior (Mother—
sill, 1979) and Lake Huron (Mothersill, 1981) records and
also along the Lac de Joux (Creer et al., 1980) record prior
to about 5,000 B.P. are of very similar form, having sharp
minima and rounded maxima, though these characteristics
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Fig. 9a—c. Synthetic SV curves produced at 45° N, 00 E a by two
westward drifting radial dipoles (RD) which start at 45° N, 90° E
(N pole up) and 45° N, 270° E (S pole up) at 10,000 B.P. Drift
rate is 0.072 °/year. Ratio of RD moment m to main dipole moment
M 20.20, r: 1,750 km. b by two westward drifting radial dipole
sheets at r=3,400 km, moment of each sheet=0.26 M, same drift
rate and initial conditions as a; c single RD at 45° N, 30° E with
m/M= 0.20 at r= 1,750 km oscillating with period T: 5,000 years

tend to disappear when individual records are stacked to
produce a type-curve. These characteristic wave forms hold
at least for the range of latitudes for which the data used
in compiling our stacked SV type-curves were obtained.

The motion of the SV field vector through time can
be represented by a D vs. I (Bauer) plot or by plotting
virtual geomagnetic poles (VGP) corresponding to the D,
I pairs on a stereogram. In either case, the path traced
out forms a loop, the sense of motion being clockwise for
westward drifting sources and anticlockwise for eastward
drifting sources (Skiles, 1970). The converse of this rule
does not generally hold however (Creer and Tucholka,
1982a)

Sheets of Radial Dipoles at Shallow Depth
Let us now consider the form of the S V curves which would
be produced by widely dispersed geomagnetic sources (e.g.
electric current loops) located near the top of the outer
core. Two current loops of opposite polarity were each rep-

resented by a sheet of radial dipoles centred under 450 N
latitude at r=3,400 km with N poles pointing up in one
hemisphere and S poles pointing up in the other. The total
moment of each sheet is 0.26 M. The drift rate and
initial conditions are given in the caption to Fig. 9.
Figure 9b shows the resulting SV curves as would be ob-
served on the Earth’s surface at latitude 45° N. The SV
waveforms for these broad shallow sources are distinctly
different from the corresponding waveforms for deep-
seated radial dipoles: the declination peaks are pointed
while the inclination peaks are rather square.

It is important to note that both of the drifting-source
models we have considered produce, for a particular obser-
vation point, declination and inclination curves with the
same periodicity but which are out of phase by T/4. This
phase relationship distinguishes such sources from oscillat—
ing or pulsating sources.

Single Radial Dipole Fluctuating in Intensity

We shall consider an oscillating RD only, because the gen-
eral characteristics of the SV it produces will be the same
for a RD which fluctuates in intensity either repeatedly
or occasionally. The relative magnitude and shape of the
declination and inclination waveforms depend on the
source/observer geometry. For a RD located just to the
east of the observer, declination and inclination are in
phase (Fig. 9c). Here the RD is located at 45° N, r:
1,750 km as above and m/M=0.20 where m and M are
respectively the moments of the radial and central dipoles.
The assymetry of the inclination waveform becomes more
marked for larger amplitude perturbations, i.e. for larger
m/M.

Figure 10 illustrates the effects of source/observer geom-
etry: declination, inclination and intensity curves are shown
for observers at 15° intervals of longitude around latitudes
55° N and 45° N. The RD is at 45° N, 0° E, r: 1,750 km.
The curves illustrate two complete periods of oscillation.
Figure 11 shows the corresponding family of curves for an
oscillating geocentric equatorial dipole (GED) aligned
along azimuth 0° E with m/M 20.42 (about twice the pres-
ent value). Thus, the inclination of the geomagnetic axis
to the geographic axis would fluctuate by up to 23°.

The effects of attenuation due to conductivity of the
core and mantle would be to reduce further the amplitudes
of the signals from the RD as a function of increasing dis—
tance from the observer but the signal from the GED, which
is a representation of sources distributed through the whole
outer core, need not suffer attenuation in the same way.
It is not clear how the problem of attenuation should be
dealt with: clearly it would be wrong to treat the outer
core as a conducting solid for which the treatment would
be simple.

Attention is drawn to the following points which are
especially relevant for two observation points separated by
90° of longitude like the two geographical regions to which
our SV type-curves apply. Note that these ‘rules’ relate
to SV produced by oscillating (or pulsating) standing
sources and not to drifting sources.
(i) The declination/inclination (DI/I1) phase difference is
always 0 or T/2.
(ii) Declinations are in phase for observation points on
the same side of the source (i.e. to the east or west) and
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out of phase for points on opposite sides of the source (for
longitude differences up to ~ 180°).
(iii) Inclination variations are in phase and symmetrical
in form on opposite sides of the source for longitude separa-
tions of up to ~900 for the GED and up to about ~60o
for the RD, the latter being dependent on r.
(iv) The relative amplitudes of the declination variations
(D1 :D2) recorded at two observation points will, in general,
be different from the relative amplitudes of the correspond-
ing inclination variations (I1 :12).
(v) Considering declination and inclination curves for two
observation points (1 and 2), observer/source geometries
exist such that D1/I2 or D2/11 correlations (or anticorrela—
tions) are stronger than those between D1 /D2 or 11/12.
(vi) The magnetic field vector traces out a linear path
as a function of time whether shown as a Bauer plot of
D vs. I or transformed to a stereographic plot of the virtual
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round a 55° N, b 45° N produced by a geocentric equatorial dipole
aligned along 0°—180° with m/M = 0.42 and T= 5,000 years. Longi-
tude of observer shown at head of each column of plots

geomagnetic pole (VGP) positions (Creer and Tucholka,
1982a)

Two or More Oscillating or Fluctuating Radial Dipoles
The phase relationships summarized above no longer hold.
The magnetic vector or VGP traces out an elliptical path
which may appear similar to the loops traced out by the
secular variations produced by a single drifting RD,
especially if the palaemagnetic record covers only a portion
of the ellipse or loop (Creer and Tucholka, 1982 a).

Effects of Smoothing

The higher frequencies initially present in the geomagnetic
signal are filtered out of the SV record carried by sediments
because the remanent magnetization requires a finite time,
A t, to become stabilized (Tucker, 1980; Creer, 1982).



|00000202||

196

The high frequency cut-off corresponds to A t~100 years
for lake sediments and ~1,000 years or more for marine
sediments.

The effects of filtering are twofold: (i) the shapes of
the maxima and minima become more rounded so that
the differences in shape distinguishing deep-seated (Fig. 9a)
from shallow-broad (Fig. 9b) sources become blurred and
(ii) a phase change equal to A [/2 is introduced.

Discussion of Geomagnetic Sources

The essential characteristics of the correlations observed
between the two pairs of type-curves are summarized in
Table1 for the interval 0—4,670 B.P. and in Table 2 for
the interval 4,760—8,520 B.P. The main results of spectral
analysis are shown in Table 3.

We have shown above that the SV waveforms originat-
ing from drifting and standing-oscillating sources exhibit
important differences in shape and phase. Also, broad—
shallow drifting sources produce different waveforms from
deep—seated drifting sources, but the D/I phase difference
at a given observation point is T/4 for both types of source.
The D/I phase difference for a single standing-oscillating
source is however either 0 or T/2. Thus we should be able
to identify the types of source which produced the observed
SV at our two observation points, provided that only a
few sources made strong contributions. Judging from the
pattern of periods identified (Tables 1, 2 and 3) it would
appear that we need consider the combined effects of only
about three different geomagnetic sources.

0—4,760 B.P.

The type-curves appear to be dominated by two peridocities
(Table 1). The shortest, T~ 1,000 years is observed in the
D1 and 12 autocorrelations and in the D1 /12 correlation
and very weakly in the 11/12 correlation. These results could
have been produced by either an oscillating GED or an
oscillating RD. Referring to Fig. 11 it can be seen that
if the GED axis were aligned approximately along a
100—190O azimuth the amplitudes of the U.K. declination
variations (D2) and of the N. American inclination varia-
tions (11) would be much smaller than those of the D1
and 12 variations. A GED type of source is favoured over
an RD source for which (see Fig. 10) the amplitudes of
the D1 and D2 curves would be very similar and the 12
amplitude would be excessively large. The weak registration
of the 1,000 years period in the 11/12 correlation is also
explained in this way.

A periodicity of about 2,000 years is indicated by all
four autocorrelations and by five cross-correlations (Ta-
ble 1). The phase difference for D1/11 is 0.28 T which sug-
gests that drifting sources dominated the N. American SV,
though standing sources must play some part because
¢=0.25 T for pure drift. We note that the N. American
VGP path (see Fig. 3 of Creer and Tucholka, 1982a)
traces out clockwise loops for the whole of this time
interval except for the millenium between about 1,600
and 600 B.P. The existence of standing sources is indicated
by the in—phase relationship for D1 /D2. However 11/12
shows a phase difference of 0.33 T suggestive of both drift—
ing and standing sources. Translated into a drift rate the
phase difference of 720 years indicates westward drift at
0.12O/year whereas if the 2,000 years period were pro—

duced by a drifting source exclusively, the drift rate would
be 0.18 0/year. Thus, we are prompted to propose the ex-
istence of another standing source with period
~2,000 years. Since the strong D2/11 correlation indicates
this periodicity, we suggest that the component of the GED
along the 1000—280O azimuth was oscillating with a period
of about 2,000 years.

The interpretation becomes more complicated when we
attempt to explain the longer period of ~3,000 years indi-
cated by the D2/12 correlation (note that spectral analyses
indicate 2,500 years — Table 3). This would suggest that
the SV observed in U.K. is affected by yet another source,
possibly a radial dipole since it appears not to have affected
the N. American SV record. This could be similar to one
of the radial dipoles with which Alldredge-Hurwitz (1964)
modelled the geomagnetic field for epochs 1945 and
1955AD: the one at 350 N, 410E would appear to be in
about the right place, producing declination and inclination
curves which are in phase (Fig. 10) as observed (Table 1).

Thus we propose four separate geomagnetic sources
(Table 4) to account for the relationship observed between
the SV type-curves.

4,760—8,520 B.P.

The autocorrelations for D1 and for 12 show evidence of
the presence of T~ 2,000 years. It also shows up in the
D1 /11 correlation with a phase shift of 0.28 T suggestive
of a drifting source mechanism and in the 11/12 correlation
for which the phase shift of + 460 years allows us to roughly
estimate westward drift at ~0.19 O/years. This is unlikely
to be the true drift rate because a standing source must
make some contribution to the SV records since the D1 /11
phase shift differs from 0.25 T. Nevertheless, the N. Ameri-
can VGP path for ~8,500—6,000 B.P. executes an open
clockwise loop consistent with westward drifting sources
(see Fig. 3 of Creer and Tucholka, 1982 a).

Both declination type-curves, D1 and D2 are dominated
by a longer period ~3,600 years which shows up in both
D1 and D2 autocorrelations and in the D1/D2 correlation
for which the phase shift is ~ —0.11 T indicating a contri-
bution from both standing and drifting sources with the
former dominant. The negative sign shows that D1 and
D2 are almost opposite in phase, so the standing source
must be located at some longitude between the two sites.
If it is placed at a high latitude, the amplitudes of SV in
inclination will be much smaller than those in declination
(see Fig. 12) which would explain why this periodicity does
not show up in the inclination analyses. We note that one
of the RD computed by Alldredge and Hurwitz (1964) for
the geomagnetic field for epochs 1945 and 1955 A.D. is
located in a suitable position, 76° N, 342O E.

The D1/D2 phase shift is —425 years as compared with
the 11/12 phase shift of +460 years. This difference in sign
could be explained if D1 and D2 were each the sum of
an out—of-phase standing component and a drifting compo-
nent of comparable magnitude. On the other hand, 11 and
12 mainly consist of a component from the drifting source
because the amplitudes produced by the standing source
at 76o N latitude would be very small.

Finally a third component with T~ 2,700 years appears
in the 11 autocorrelation record and in the D2/11 correla-
tion. We think that possibly this may result from our failure
to separate the 2,000 years and 3,600 years components in
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Table 4. Suggested source mechanisms 0—4760 B.P.

Type Location Period Standing (S) Elements
of (yr) or drift- affected
source ing (D)

GED 10°—190° ~ 1,000 S D1, I2
GED 1000—2800 ~ 2,000 S D2, 11
2RDa around 45° N ~2,000 D D1, I1, 12
RD (35°N 41°E)b 22,500 S D2, I2

3 Approximately as in Yukutake—Tachinaka (1968) model
b Or in this general position which is that of one of the eight

RD with which Alldredge Hurwitz (1964) modelled the
1,945 A.D. field
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Table 5. Suggested source mechanisms 4,76%8520 B.P.

Type Location Period Standing (S) Elements
of (yr) or drift- affected
source ing (D)

GED 10°—190° E ~2,000 S D1, I2
2RD‘3l around 45° N ~2,000 D I1, 12

(D1, D2)
RD (76° N 342° E)b 3,600 S D1, D2

a Approximately as in the Yukutake-Tachinaka (1968) model
b Or in this general position which is that of one of the eight

RD with which Alldredge-Hurwitz (1964) modelled the
1,945 A.D. field

these records. The 2,700 years period does not show up
in the maximum entropy time—series analyses of declination
or inclination for any PEF but this method does suggest
a significant difference between the periodicites associated
with the D1 (3,100 years) and D2 (4,400 years) records.
Our autocorrelation method gives ~3,600 years for both
D1 and D2 and the discrepancy is very likely due to the
fact that our records span only one period of signal which
is contaminated by the signal from the drifting source.
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Abstract. The present paper concerns possible contri—
butions from induced currents in geomagnetic field va—
rations in the equatorial region for day-time sub—
storms and solar-quiet day (Sq) variations. The analysis
uses ground magnetic records from a close chain of
observatories lying between $50 of dip equator in the
Ethiopian region. This valuable data pertains to an
array study carried out in Eastern EthiOpia by the late
Dr. H. Porath. The Kertz operator has been used to
separate the external and internal parts of total mag—
netic field components. It is found that induced cur—
rents are associated with both classes of events. An
average induced effect as measured from ratio of in-
ternal to external component (Hi/He) is seen to be
more pronounced for sub—storm event (Hi/H92035)
than for Sq variations (Hi/He2028). However, the half-
width of the equatorial current system (electrojet) is
found to be same for both types of variations. This is in
contrast to the observation made by Mason (1963) who
suggested that there is an apparent decrease of equa-
torial width for short periods. Another important result
noticed is that induced effects due to the electrojet can
be seen in a more pronounced way if separation pro-
ceeds by total magnetic field (SIC) component rather
than using only the electrojet part (Sfi). Our results
suggest that currents induced by the equatorial elec—
trojet are strongly dependent on local geological setting
and this may be the reason that in some geographical
locations internal currents have been identified and in
others they are found to be practically absent.

Key words: Induced effect — Geomagnetic variations —
Ethiopian region — Kertz operator

Introduction

The equatorial electrojet provides a strong non-uniform
source field for studying the phenomena of electromag—
netic induction in earth. It is essentially a day-time
phenomenon of intensified ionospheric currents over
and around the dip equator and leaves its signature
most distinctly as an abnormally large variation in the
horizontal component (H). Other enhancements are

Offprint requests to. B.P. Singh

also observed near the dip—equator during day—time
hours as short-period fluctuations: such as sudden im-
pulses (Sls), storm sudden commencements (SSCs) etc.
It is further noticed that in general the equatorial en—
hancement for short—period events is more than the
enhancement for daily variations (Mason 1963; Rastogi
1964). One most intriguing aspect of the equatorial
electrojet, which has not yet been resolved, is the in-
ternal induced effect associated with it. Chapman (1951)
first took up studies of the daily geomagnetic variations
near the dip-equator to investigate the internal part
due to the electrojet by assuming that the Earth was a
perfect conductor below a given depth (52250 km). For
this, he concluded that the induced current has the
same magnitude as the external current but flows at a
depth of about 600 km below the Earth’s surface and
that the observed magnetic variations at equatorial sta-
tions do include contributions from internal induced
currents. However, data collected from ground observa-
tories and from space-borne experiments have given
different results in different regions. In some regions,
signatures of anomalous induced currents are seen,
whereas in others, they are found to be very weak or
even absent. Crochet, Pornan and Hanuise (1976), using
radar studies of horizontal phase velocities of electrons
in Central Africa and Eastern Africa, have concluded
that the equatorial electrojet does induce anomalous
internal currents in Eastern Africa but not in Central
Africa. A similar induced effect has also been reported
by Balsley (1970) from his studies in the Peru region. In
summarizing these differences, Crochet et al. (1976) con-
clude that the presence of large conductivity variations
is the cause of these discrepancies.

The presence of anomalous currents induced by the
electrojet has also been reported by Oni and Alabi
(1972) in the Nigerian region and by Forbush and
Casavarde (1961) in the Peruvian region from analysis
of ground magnetic variations. From a comparison of
rocket data and ground magnetic data, Davis et al.
(1967) have shown the induced component to be 0.28 of
the inducing current component. However, a series of
papers by Fambitakoye (1972, 1973), Mayaud (1974)
and Fambitakoye and Mayaud (1973, 1976) based on a
magnetic survey conducted in Chad suggest that equa-
torial magnetic variations have a very little or insigni-
ficant induced component. Some recent studies (Yacob
and Bhargava 1973; Cain and Sweeney 1972; Yacob

0340-062X/82/0051/0199/$01.40
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1977; Rajaram et al. 1978) again give a definite in-
dication of the presence of internal contributions in the
electrojet field. Recently, Duhau and Romanelli (1979)
using the latitudinal profile of height integrated current
density determined from rocket measurements and
their correlation with ground magnetic data, has also
shown the presence of internal induced currents in the
equatorial Peruvian region. The aim of present paper is
to further ascertain the possible contribution of in-
duced currents in Sq-variations. The study also aims to
investigate the nature of currents induced during
geomagnetic sub-storms during day-time in the equa-
torial regions, because current systems of substorms
and Sq-variations have different morphological features.

Data and Analysis

The magnetic array data from the Ethiopian region
have been used here. This array study was carried out
in Eastern Ethiopia by the late Dr. H. Porath, Uni-
versity of Texas at Dallas during the period from No-
vember 1970 to May 1971. The stations were mainly
situated along the western edge of the Afar depression
and the main Ethiopian rift with a further line of
stations across the centre of the Afar depression. A part
of the array data containing various geomagnetic events
was available in digitised form on magnetic tape at
Dallas and had been acquired by Professor R.G. Ras—

togi. Using these values on tape, we first computed the
daily Sq-range for two normal quiet days, 1 and 2
March 1971 for selected Ethiopian stations. The sta-
tions were so chosen that they fall within a very nar—
row range of longitudes. The measured Sq-range con-
tains contributions from both planetary (511:) and elec-
trojet (Si) current systems. The contribution of the
planetary part (S2) is estimated by taking daily ranges
at stations on the same longitude on either side of
electrojet. Table 1 gives the geographic coordinates and
dip-latitudes of all observatories used here.

For evaluating normalised planetary ranges (SË) as
a function of dip-latitude, we use the formula F(H)

b .261—2272— given by Forbush and Casavarde (1961). Here

t is dip-latitude in degrees, F (H) is the total Sq-range of
the H-component and a and b are constants. These
constants are derived by fitting the following linear
equafion:

1 t2 a:_ _ 1F(H) ab+b ( )
to Sq—ranges for stations on the two sides of the dip-
equator and “outside” the equatorial region (listed in
Table 1). The best values of b and a are found to be
1180 nT and 22°, respectively, for 1 March 1971, and as
1020 nT and 21°, respectively, 2 March. The b and a so

Table 1. The Geographic coordinates and dip-latitude of the observatories used in the present
study

Sr. Station Code Geographic Dip Station
No. Name coordinates Latitude used for

Lat. Long. Sq. Sub-
Storm

1. Lourenco LMQ — 25.92 32.58 — 35.32 Y Y
Marque

2. Tananarive TAN — 18.92 47.55 —28.32 Y Y
3. Nairobi NAR — 1.28 36.83 —10.68 Y Y
4. 5 YAV YAV 4.90 38.12 — 4.50 Y Y
5. 12 LAP LAP 6.57 37.87 — 2.83 Y Y
6. 23 AWA AWA 7.05 38.47 — 2.35 Y Y
7. 4 KOL KOL 7.33 38.03 — 2.07 Y N
8. 28 LAN LAN 7.63 38.70 — 1.77 Y Y
9. 29 ASE ASE 7.97 39.12 — 1.43 Y N

10. 25 WON WON 8.47 39.22 — 0.93 Y N
11. 27 DBZ DBZ 8.75 38.92 — 0.65 Y Y
12. 26 MUF MUF 9.33 38.17 — 0.07 Y N
13. 24 DBH DBH 9.67 39.50 0.27 N Y
14. 14 MAJ MAJ 10.55 39.83 1.15 Y Y
15. 17 DEG DEG 11.12 39.88 1.72 Y N
16. 18 BAT BAT 11.20 40.02 1.80 Y N
17. 8 BOM BOM 11.22 39.63 1.82 Y N
18. 15 ELO ELO 11.27 40.33 1.87 Y N
19. 21 WOL WOL 11.82 39.58 2.42 Y N
20. 3 ALA ALA 12.40 39.55 3.00 Y Y
21. 1 MAK MAK 13.50 39.48 4.10 Y Y
22. Tamanrasset TAM 22.80 5.53 13.40 Y Y
23. Misallat MIS 29.52 30.90 20.12 Y N
24. Pendilli PEN 38.03 23.52 28.63 N Y
25. Kandilli ISK 41.07 29.07 31.67 Y Y
26. Surlari SUR 44.68 26.25 35.28 N Y

YES=Y NO=N
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Fig. 1. The current vectors computed at each Ethiopian sta-
tion for Sq-ranges of 2 March 1971 along with the deviation
of mean current vector from geomagnetic east (stippled line).
These vectors are obtained by rotating horizontal vectors
through 90° clockwise

determined for each day are then used to calculate the
Sf; for H at each of the equatorial stations. This part is
then subtracted from total Sq-ranges to get electrojet
ranges (Sfi). The planetary part for Z is computed using
the formula

F(Z) = — 0.43 * (2)
(a2+t2)'

Having obtained Sfi(H) and S§(Z) the external and
internal components of H and Z are computed by the
technique defined by Siebert and Kertz (1957) through
the use of Kertz operator. The application of this oper-
ator requires that field to be separated must be two
dimensional in nature. In our analysis we neglected AD
and considered only AH and AZ. Our results would be
correct if AD =0 or the same at all stations. In order to
confirm this, we have computed the magnitude and
direction of horizontal vectors by measuring the
changes in Sq-ranges of horizontal components (AH
and AD) at each Ethiopian stations. These Sq ranges
are measured at the time of maximum deflection in H
and D near local noon from the mid-night value. The
direction of the current vector is obtained by rotating
this vector through 90° clockwise. The magnitude and
direction of current vectors thus obtained are shown in
Fig. 1. It is seen that the deviation of mean directions
of current vectors from geomagnetic east is about 3°.
Since the deviation is very small, it may be assumed
that the electrojet current flows approximately from
west to east and separation can be made using the 2-D
formulation of Kertz.
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The external and internal components are obtained
using the following equation (Siebert and Kertz 1957)

He=(H+kZ)/2
H, =(H—kZ)/2

Ze=(Z——kH)/2
z, =(Z+kH)/2 (3)

where He, H 1 and Z8, Z. are external and internal parts
of H and 'Z-components. In the above equation k is the
Kertz operator and is defined as

f(I)1
OO

kfz‘ l
7IC—oo

dt

where f(t) is a continuous function of t (dip latitude).
For numerical evaluation of the integral, f (t) is appro-
ximated by having N discrete values f1,f2, ...‚f„ at
corresponding points of t1, t2, ..., tn. It may be noted
that the numerical evaluation of above integral requires
some care near the singularity t=t0. This is overcome
following suggestions given by Hartmann (1963) and
Schmucker (1970). They show that evaluation of the
integral transform has a simple form when we evaluate
these at the centre (im) of each interval. By setting to
=ïm they have shown that the above equation reduces
to the following simple form:

1
kf=; [fn1_fin+1

+ Ë {Antwan—m+f.—f,,..}]
n=1

nim

with

Ân =ln|(Ïm
—

Zn)/(im
— fn+ 1)| 9

Îm:%(tm+1+tm)a Zn:%(tn+1+_tn)

and

fn/:(fn+1—.f;1)/(tn+l—tn)'

The above formula has been used to compute numeri—
cal value of kf operator at each point. The operator k
has been applied to S; components and to Sf; com-
ponents separately.

In evaluating S§(Z) we have used the suggestions
given by Chapman and others from spherical harmonic
analysis of the normal ‘Sq’ variation that internal com-
ponent is about 40 % of the external field. This gives
the external and internal parts as (Forbush and Casav-
arde 1961)

H5: =0.714HP
Hf’ =0.286HP

Zf=1.666ZP
Zf’: —0.666ZP. (4)

In the prescription adopted above, it was tacitly
assumed that S§(Z) has a value expected over a stra-
tified conductor having no lateral conductivity con-
trasts. In doing so, what we have done indirectly is that
the anomalies in Z arising out of perturbations in the
internal current system of planetary origin have also
been lumped with the anomalies in Z associated with
the electrojet part. This makes the separation of Sf; into
its internal and external components formal. To cir-
cumvent this limitation, we separated external and in-
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ternal parts from total Sq-ranges of H and Z also
without any previous separation into planetary and
electrojet parts. The latitudinal dependence of external
and internal parts of H and Z for the electrojet, plane—
tary and total field are shown in Fig. 2 for 1 March
1971 and in Fig. 3 for 2 March 1971.

A similar procedure has also been adopted to ana-
lyse the substorm event recorded from 0936 UT to
1030 UT on 9 April 1971. First the maximum ampli-
tude of this event is measured at all equatorial and
non-equatorial stations for both H and Z components.
The range in this case was taken as the change in H
and Z when H attained its maximum value. The

changes were measured by taking the base value as the
value at the start of the event. In this case too we
separated first the planetary (SE) and electrojet (Si)
parts, following Eqs. 1 and 2. The best values of k and
h are found to be 900 and 18. The separation of the
external and internal components of the electrojet and
the total field is done using Eq.3 and that of the
planetary part using Eq. 4. Figure 4 shows the variation
of external and internal parts of H and Z as a function
of dip-latitude for the electrojet, planetary and total
field respectively. In this case also we have taken for
the planetary part the i/e ratio just as for the Sq peri-
ods. This is at best a crude approximation.
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Results and Discussion

It is clear from Figs. 2 and 3 that induced currents are
associated with the equatorial electrojet. The internal
component (H) of H variations follows the shape of
the external inducing field (He) except at a few end
points. We notice a hump around the dip-equator in
the internal component (Hl.) of H variations only. This
may be attributed to perturbations in flow of internal
currents near these stations, arising from an anomalous
electrical conductivity distribution beneath the Afar de-
pression (a tectonically active zone). It is further no-
ticed that the increase in magnitude of the external
inducing field (Hi) for the electrojet part (Si) on 1—2
March 1971 (from 43)) in Fig.2a to 53y in Fig.3a
around the dip—equator) shows an increase in magni—
tude of the internal field (from 12)) to 1532 for H{)
whereas for the planetary part (Si) a decrease in
magnitude of an external inducing field (from 32)) to
29y for H5) causes a decrease in magnitude of the
internal field from 12.5); to 11)» for Hf). These results
further suggest that the anomalous internal component
is very much controlled by the intensity of the external
inducing field on each day. An average induced effect
as measured from the ratio of an internal to external
component (Hi/He) is around 0.28 for the electrojet
field (Si) whereas it is 0.40 for the planetary field (S111),
which is rather natural to expect. The half-width of the
equatorial electrojet, as evident from the nature of the
external component of H and Z variations, is about
400—500 km.

The induced effects are also seen to be present for
sub-storm events (Fig. 4) and these are more pronounced
than the currents induced by solar daily variations.
The Hi/He ratio for sub-storms is about 20.45 but its

j Fig. 4. The same as in Fig. 2 for sub—storm event
40 recorded for about one hour from 0936 UT to

1030 UT on 9 April 1971

Table 2. The ratios of an internal (Hl.) and external (H8) parts
of total horizontal magnetic field (H) component for both
sub-storm and solar quiet-day (Sq) variations

Event Date Ratio of Hi/He

Electrojet Total
field field
(s) (5;)

Sq 1.3.71 0.28 0.38
Sq 2. 3. 71 0.28 0.40
Sub-storm 9. 4. 71 0.35 0.45

half—width is approximately the same as that for elec—
trojet current system. A large value of induced effects
i/e for short periods is again to be expected and this is
discussed later in more detail. An apparent decrease of
equatorial width for shorter periods is not evident from
our results which is contrary to what was observed by
Mason (1963). In Table2 we summarise the ratio of
internal to external components (Hi/He) for the elec-
trojet, planetary and total field of Sq and sub—storm
variations.

Another interesting point noticed is that the sum of
external parts of both planetary (S111) and electrojet (Sfi)
fields is different from the values obtained for the exter-
nal component using the total magnetic field com-
ponent H directly. It is found that sum of external
parts as obtained in the first case is larger (H‘e’
+H§>HZ). As one would expect in this case, the sum
of the internal parts is smaller than the value obtained
directly using the total field (H‘1' +Hf.’ <H17)

Until recently, the induced effects associated with
the equatorial electrojet have been interpreted in terms
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of image currents at a certain depth ranging from 500
to 600 km below the Earth’s surface on the assumption
that Earth is perfectly conducting below a depth rang-
ing from 200 to 250 km. On this basis estimates of
induced currents were found to be around 0.16—0.20 of
the external current systems. Davis, Burrows and Stola-
rik (1967) have also noticed the induced effects from
the results of rocket observations and ground obser-
vations as 0.28 of an external current system, which is
in agreement with the results obtained by us. However,
the contribution and penetration depth of currents in-
duced by an external varying field depend not only
upon an average conductivity (0) of sub-surface
geological features but also on frequency ((0) and
source field wavelength (L) of the inducing field. For
relatively longer period variations such as Sq—va—
riations, induced currents penetrate to considerable
depths within the Earth whereas for short-period va-
riations (30 min), the depth of penetration reduces to a
greater extent. The dependence of above parameters on
induction effects over land areas has been studied in
details by Price (1967) by a simple mathematical model.
He has noted that the contribution of internal part
depends on the relative magnitudes of 47mm and yz

_ 27: . . .where y IS equal to
—L—

and 1/27wa) 1s rec1procal sk1n

depth. If 47mn) is much smaller than yz, then induced
effects are negligible or insignificant. The induction ef-
fects start to become significant when the ratio oc
=47wco/y2 reaches a value of 20.25 or more. These
effects are quite prominent when oc is equal to one or
more. The EthiOpian region is known to have an ab-
normally high electrical conductivity distribution be-
neath the Afar depression and along the main Central
Ethiopian rift. (See: Berktold et a1., abstract published
in programme of “Workshop on electromagnetic in—
duction in the earth” held in Ottawa, Canada, 1974
and Bennett et al., abstract published in programme of
“Fourth workshop on Electromagnetic induction in the
Earth and Moon” held in Murnau, Federal Republic of
Germany, 1978). The presence of such a high con—
ductivity in this zone will result in a significant value of
or for longer-period variations (for Sq—variations) which
has made it possible to detect an internal contribution
due to the electrojet. For shorter periods, the value of oc
will be much larger due to an enhanced conductivity
(0) at shallower depths possibly because of anomalously
high temperature (Berktold et al. 1975; Haak 1977)
along the main Ethiopian rift and a larger value of a).
Thus the induced effects will be more pronounced for
short period than for long period variations. Some ear-
lier studies have noticed different signatures of induced
effects in different regions. This may be due to the
varying conductivity ((7) of geological sub-surface fea-
tures from region to region. Fambitakoye and Mayaud
(1976) did not observe any significant induced effects in
Central Africa possibly because of the existence of re-
sistive layers in that region.

Conclusion

It is evident from our results that induced effects are
present in the Ethiopian region for the electrojet (Si)

components in geomagnetic variations. The effects are
more pronounced for sub-storm events compared to
solar-daily variations. In agreement with the model de-
scribed by Price (1967), we notice larger contributions
from internal components for rapid variations. It is
also found that induced effects can be better studied by
studying the total observed fields directly using Kertz’s
equation rather than by making a separation into Sf;
and Si.
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Parameter Trade-Off in One-Dimensional
Magnetotelluric Modelling
G. Fischer and B.V. Le Quang
Observatoire Cantonal, CH-2000 Neuchâtel, Switzerland

Abstract. The problem of inverting or modelling one—dimen-
sional magnetotelluric data can, today, be considered as
largely resolved. Attention now focuses on the class of ac-
ceptable models. Viewed in the space of model parameters
this class occupies a singly connected volume, bound with
a surface where the standard deviation 8 between measured
and calculated response exceeds the minimum so of the best-
fitting model by a constant factor (typically e; 1.10 80).
This volume of acceptable models is described by its inter-
sections with the parameter axes, and also by the extreme
excursions possible for any of the model parameters when
all the other parameters are adjusted accordingly. These
extreme excursions therefore represent “trade-off” condi—
tions among the model parameters and are summarized
in the “trade-off matrix”. In a sense this is a generalization
of the parameter correlation matrix, which gives only local
information in the vicinity of a proposed model. The trade-
off matrix, however, is independent of any initial model.
Another important question considered deals with the
correct choice of the number of layers with which to model
a data set. Whereas a single minimum of 8 is found with
the correct number no, when this number is too small the
information contained in the data is spread among several
isolated minima. When n>nO the problem becomes “ill-
posed”. There are too many degrees of freedom and it
becomes possible, then, to move in model space in direc-
tions at right angles to the meaningful dimensions without
finding a clear minimum. The problem is analogous to a
vanishing determinant in linear algebra. To find a regular
problem again it is necessary to specify auxiliary constraints
provided, for example, by other soundings or prior geologi-
cal knowledge, to compensate for the increased number
of variables.
Key words: Parameter trade-off in 1 D/MT — Magnetotel-
luric modelling — Degrees of freedom in geophysical inver—
sion

The Concept of Acceptable Models

The last two or three years have seen many new schemes
with which to invert or model one-dimensional (1 D) magne—
totelluric (MT) sounding results (Shoham et al., 1978; Jones
and Hutton, 1979; Oldenburg, 1979; Parker, 1980; Parker
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0340-062X/82/0051/0206/$02.60

and Whaler, 1981; Larsen, 1981; Eichler, 1980; Fischer
et al., 1981; Fischer and Le Quang, 1981; Hobbs, 1982).
If it is safe to assert, today, that the best-fitting 1D
model to a given MT data set can usually be found, the
same cannot be said as regards the family of models com-
patible with this set. By this criterion of compatibility we
mean the ensemble of models yielding response functions
which lie within a certain range of the standard deviation
80 :8min of the best-fitting model. In what follows the stan-
dard deviation 8 defined by Fischer et al. (1981) will be
used. For data points with uniform weights this definition
reduces to

l

8=——2(8§+8§,)1/2If

1 1 N 1/2

2% [fi z Ia.<T.>—1nzm(T.->|2] (1)
i=1

where ZC(T,-) and Zm(T,.) refer to calculated and measured
impedances at the N measurement periods Ti.

The data are generally given in terms of apparent resis—
tivity pa(T,-) and phase ¢(T,-), such that

Zm(T.>=V2nuop.<7z>/71 exp {i [Sf—MB. (2)
If the data points pa(Ti) and ¢(T,-) are given weights, which
may appropriately be chosen as inversely proportional to
the error ranges of the data, it becomes necessary to
compute 8p and 84, separately, along the lines proposed by
Fischer et al. (1981). The separation of 8p and 84> clearly
suggests that it is also possible to model sets with different
numbers of pa(T,.) and ¢(T,-) data points, in particular data
sets consisting only of apparent resistivity measurements.
When this happens the quality of the fit is appraised in
terms of 8p alone.

The idea of asking for the family of models compatible
with the measured data has at least two quite different ori-
gins. Looking at the smooth response function of the best—
fitting model traced through the measured data, one is led
quite naturally to ask about the family of models yielding
an almost equally good fit. Quantifying the notion of
“almost equally good fit” is not too difficult, since it is
usually quite easy to distinguish models whose response
yields a misfit which is 20% above 80, whereas an increase
of only 10% is barely noticeable, or not noticeable at all.
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Fig. 1. MT data for the SITE 4 station (Schnegg et al., 1982). Only
the apparent resistivity has been modelled. The solid line corres-
ponds to the best-fitting model (Tables 1 or 2), the dashed line
belongs to a geologically acceptable model

This 10% limit is admittedly somewhat arbitrary, but the
arguments that follow are independent of the choice of this
limit, which could equally well be set at another value.
Henceforth, however, a model will be deemed acceptable
if its standard deviation lies within the range of a 10%
increase over the best-fitting value 50.

An entirely different approach to the notion of accept-
able model arises when the best-fitting model obtained via
the minimization of 8 is compared with the geological struc-
ture to which the sounding data refer. Certain parameters
of the structure under MT investigation may be quite well
known already from other studies. The question then arises
whether these known parameters can be fitted into a com-
promise model whose response remains within the accept-
able range of 1.10 80. This second point of view brings
the trade-off notion to the fore, inasmuch as it is generally
quite possible to find an acceptable model agreeing with
the known geological parameters, provided the permissible
range of the remaining model parameters is reduced. An
example of this trade-off notion can be given in relation
to the data set of Fig. 1 (Schnegg et al., 1982). The best-
fitting model to these pa(T) data comprises a lowest or
fourth layer with p4 = 104 Qm. In fact the modelling process
would even yield a slightly higher resistivity, but the model
search is restricted by the following arbitrarily set bounds:
0.1 g ‚01-; 104 Qm, hkgt m. In this particular sounding the
fourth layer refers to a well-known limestone base, with
large areas nearby where it reaches the surface. Its electrical
resistivity is therefore well established by other methods
such as laboratory measurements and geoelectrical sound-
ings, and a value of 1,200 [2m is generally favoured. Fur-
thermore, the third layer is a thin highly conducting marl
formation, whose thickness does not exceed 20 m. Is it pos—
sible to find an acceptable model with prescribed parameter
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Fig. 2. Trade-off relationship between p3 and h3 for the data from
SITE 4 station (cf. Fig. 1)

values of p4: 1,200 Qm and h3 =0.02O km? As seen in
Figs. 1 and 2 and Table 2 this is perfectly feasible, provided
the value of p3 is reduced to about 1 Qm. In this particular
case all that seems to matter is the layer conductance 113/
p3 220—25 mho, as long as p3 remains below about 10 .Qm
and h3 below 200 m. But the trade-off process is connected
with an obvious gain: prescribing the thickness h3 of the
marl formation reduces the uncertainty of its resistivity p3.

The Trade-Off Surface

The modelling process is conveniently described in the space
of model parameters with logarithmic coordinates:

Xj=10g10(pj/pj0)~
(3)yk = 2 10g 10 (‚IM/Im)-

pj0 and hko referring at first to the initial model chosen.
The minimization of a is carried out by a search routine
which plays on the various model parameters, seeking the
coordinates of the point with the lowest 8:80 (Fischer and
Le Quang, 1981). The search strategy generally does not
attempt to determine the most appropriate number no of
layers. But this number is easily obtained by looking at
the so values achievable with various numbers of layers.
Figure 11, pertaining to the four examples chosen, clearly
shows that for n<n0, a rapid increase of so occurs, whereas
80 usually remains almost constant when n > no. The impor-
tance of determining the correct number no will be dealt
with in a later section.

Once no and the coordinates of the best—fitting model
have been secured it is convenient to move the origin of
the space of model parameters to this point. As the various
examples will show, this point, now with coordinates 021.0,
hko), does not necessarily correspond to the absolute
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Fig. 3. Example of trade-off surface in two dimensions. The inter-
sections with the axes correspond to the partial sensitivity matrix
data, whereas the coordinates of the extreme excursions in the
direction of the axes yield the trade-offmatrix data

minimum of 8; the reason for this is related to the bounds
mentioned already for the family of acceptable models. It
often happens that the true absolute minimum of 8 would
trespass these bounds, generally leading toward 0 or + 00
for pj and toward 0 for hk.

Table l. Partial sensitivity matrix for the SITE 4 data. Apparent
resistivities are given in Qm and thicknesses in km. All these models
yield 8p: 1.10 8p0=76.25'10—3, except the lowest right one where
8‘2, remains at the value 82 because of the bound on p4

11.0 p10=11.9 13.0
0.0375 11,0: 0.0425 0.0476

67.0 p20=83.4 111
0.289 h20= 0.321 0.359
1.88 p30: 2.10 2.35
0.0420 1130: 0.0470 0.0525

1540 p40 = 104 104

82:69.32'10_3

Except for directions connected with the above-men—
tioned bounds, it is clear that, moving away from (p1.0, hko)
in any direction of model parameter space, 8 will be seen
to increase above its minimum value 80. Under the condi-
tion that n0 has been chosen correctly, Fischer and Le
Quang (1981) have shown that this increase is very smooth,
even though there is generally a high degree of anisotropy.
But the surface corresponding to a 10% increase of 8, i.e.
the 8: 1.10 80 surface, is a well—defined entity. A graphical
example in only two dimensions is shown in Fig. 3. Inside
this surface is the entire collection of models with standard
deviations 8§1.1080, and the question springs to mind
whether this collection comprises any structures whose pa-
rameters are in accord with geological facts known already.
Unless the sounding has been strongly perturbed by un—
wanted signals, it is quite probable that there will be such
models among the acceptable collection, and these models
will constitute a sub-class whose other parameters are gen-
erally more constrained than those of the entire collection.
In other words, there will be a trade—off between the para-
meters of which the permitted range is strongly limited by
the known geology, and all the remaining parameters. It
is fair, therefore, to look at the 8:1.10 80 surface as the
trade-off surface, enclosing a volume which will be called
the trade-off volume. More rigorously speaking, 8 is a 2n
dimensional surface in parameter space and 8: 1.10 8O in
effect represents a trade-off contour, enclosing the trade-off
surface element.

The trade—off surface must be expected to have a compli-
cated structure. Fischer and Le Quang (1981) have shown
that in certain directions of parameter space 8 increases
very fast, whereas there are curved valleys at the bottom
of which 8 remains close to 8O over very long distances.
While it may be difficult to describe the trade—off surface
in detail, two information sets can be given. Visualizing
the trade—off surface as in Fig. 3 we may ask, first, about
its intersections with the parameter axes as defined by Eq.
(3). Approximate values of these intersections are listed in
Tables 1, 3, and 5 for three data sets chosen as examples
in the present study. These Tables, which we call partial
sensitivity matrices, are obtained by calculating 8 for models
in which all parameters, except one, retain the coordinates
of the minimum 80. The parameter singled out is progres-
sively varied until 8 reaches the limiting value 8:1.10 80.
The corresponding parameter value is recorded in the
partial sensitivity matrix. A graphical representation of the
matrix is shown in Fig. 7, the trade—0]}f diagram. In both
Fig. 7 and partial sensitivity matrices, the parameters are
increased to the right and decreased to the left.

Table 2. Trade-off matrix for the SITE4 data. Apparent resistivities are given in .Qm and thicknesses in km. The values of 8 are
also given; they are close to 1.10 80, except when a bound is reached, in which case they are usually close to 80

8p— P4 h3 P3 h2 P2 h1 P1 P1 h1 P2 h2 P3 h3 P4 <9p+
(10—3) (10—3)

76.8 104 0.0362 1.59 0.352 88.7 0.001 0.357 p1=11.9 m 0.0996 1830 0.258 1.76 0.0425 104 76.3
70.3 104 0.0642 3.02 0.368 56.9 0.001 0.468 h1 = 0.0425 18.0 0.104 104 0.269 0.797 0.0193 104 76.5
76.3 104 0.0591 3.07 0.398 Q8 0.001 0.614 p2 = 83.4 14.5 0.0739 10_4 0.276 1.66 0.0409 104 69.4
76.2 104 0.460 17.8 0.146 104 0.0519 12.6 h2 = 0.321 2.19 0.00427 48.0 0.444 0.100 0.00189 104 76.5
69.4 104 0.00244 0.100 0.290 1200 0.0734 14.6 p3 = 2.10 9.85 0.0386 2080 0.154 1a 0.494 104 76.3
76.5 104 0.00177 0.100 0.413 47.2 0.00881 4.36 h3 = 0.0470 9.22 0.0356 104 0.154 18.8 0.499 104 76.2
76.4 m 0.0480 2.31 0.307 90.2 0.0430 11.9 p4=104 11.9 0.0423 83.2 0.322 2.10 0.0470 Æ 69.3

1322:6932-10—3
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Table 3. Partial sensitivity matrix for station AHA (data courtesy
of Jôdicke 1980 a). Apparent resistivities are given in Qm and thick-
nesses in km. All these models yield 8 = 1.10 80 = 27.79'10— 3

2.62 pm: 2.69 2.77
2.67 11,0: 2.83 2.98

19.6 p20=34.6 218
3.77 1120: 4.11 4.48
1.28 p36: 1.39 1.51
4.64 h30= 5.18 5.77

10.8 P40=16.5 26.8
50:25.2710—3

In most instances, however, it is possible to vary a given
parameter beyond the limits corresponding to the intersec—
tions between Wade-017surface and parameter axis, if appro—
priate variations of the other parameters are permitted. Fig—
ure 3 gives an illustration of this statement. This leads to
the concept of trade-ofl matrix, of which three examples
are given in Tables 2, 4 and 6. These tables are again ob-
tained by imposing a progressive variation to a single se-
lected parameter; this time, however, all the other para-
meters are adjusted freely with the minimization routine
(Fischer and Le Quang, 1981) in order to reduce 8 to the
lowest possible value, under the two constraints of the single
imposed variation and the bounds described before. The
extremal parameter sets for which it is possible to find
models which satisfy 8211080 are again listed in the
trade-off matrices, the underlined diagonal elements of
which are the extreme excursions possible for the selected
parameter (minimum at left, maximum at right). These co-
ordinate sets represent the projections on the parameter
axes of the extreme extensions of the trade-off surface, ac-
cording to the illustration shown in Fig. 3. Clearly the trade-
offmatrix tells us under what trade—off conditions a particu-
lar parameter may be given a pre-determined value. The
trade—off diagram of Fig. 7, on the other hand, only con-
tains part of the trade-ofl matrix information. What the
trade-off matrix does not attempt to answer is under what
conditions more than one parameter may be pegged to pre-
determined value. However, such questions present no
problem to our search routine, which can be programmed
to seek the best—fitting model under a great variety of pre-
scribed conditions, as shown in the following paragraph.

For the structure concerning the first example, several
geological parameters are known already: p2 c: 80 Qm, h3 g
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Table 5. Partial sensitivity matrix for station NEW (data courtesy
of Jones and Hutton, 1979). Apparent resistivities are given in
Qm and thicknesses in km. All these models yield
8:1.10 80:59.77-10’3‚ except the uppermost right one where 8
remains at the value 80 because of the bound on p1

870 p16: 104 104
11.7 hm: 13.5 15.3
89.9 p20: 96.5 103
43.9 h20= 49.0 54.8

455 7236:6262 928
218 h30=270.9 346

2.53 p40: 35.3 146
80:54.34'10—3

20 m, and ‚0421,200 Qm. As seen in Fig. 1 these factors
can easily be accommodated with the condition 8g 1.10 so.
The best model with fixed parameter values [13:20 m and
p4 = 1,200 {2m (since p2 had been found in the correct range
around 80 Qm, it was not fixed) that our search routine
returned, yields 8:0.0753 with ,01 =10.6 .Qm, h1=34.9 m,
‚02276.0 Qm, h2=330 m, and p3=0985 Qm. This model
corresponds to the dashed line in Fig. 1, which seems to
fit the data no less well than the solid line of the best possi-
ble four—layer model, whose 8:80 20.0693.

The term trade—off, as used in the present paper, describes
compromise relationships among the model parameters
which have to be obeyed when attempting to bring one
or more of these parameters into some predetermined
ranges. This meaning differs from the standard usage of
the term trade-off in inversion theory, as employed also
for induction or MT studies by Parker (1970) and Hobbs
(1977). The standard trade-off diagrams express, at any
given depth 2, the accuracy with which the conductivity
0(2) is resolved, in particular they show that resolving
power and parameter stability cannot be maximized simul-
taneously: the term trade-off thus applies to the relation
between these two concepts rather than to the model
parameters themselves.

Our approach to the determination of the range of pos—
sible models is more closely related to the method of Single
Value Decomposition (SVD) proposed by Lanczos (1961)
and applied in various forms by many others (Wiggins,
1972; Jackson, 1973; Jupp and Vozoff, 1975; Vozoff and
Jupp, 1975; Johansen, 1977; Edwards etal., 1981; and
Rokityansky, 1982), or to the ridge regression of Inman
(1975). In these methods a fit indicator 8 in model space
is studied in detail around a predetermined initial model.

Table 4. Trade-off matrix for station AHA (data courtesy of Jödicke 1980a). Apparent resistivities are given in Qm and thicknesses
in km. The values of e are also given; they are close to 1.1080, except when a bound is reached, in which case they are usually
close to 80

5— P4 h3 P3 h2 P2 h1 P1 P1 h1 P2 h2 P3 h3 P4 8+
(10—3) (10—3)

27.82 16.5 4.00 1.24 6.50 6.19 1.51 2;] p1: 2.69
27.77 17.5 3.72 1.17 6.83 5.89 g6 2.39 hl: 2.83
27.82 16.9 3.32 1.07 7.03 5._70 1.49 2.44 p2=34.6
27.96 25.3 10.8 2.39 210 436 2.56 2.62 h2: 4.11
25.65 13.3 0.318 0.100 5.34 1240 3.21 2.75 p3: 1.39
25.64 13.3 0.313 0.100 5.58 34.4 3.05 2.75 h3: 5.18
27.85 Lié 2.46 0.825 4.36 154 2.93 2.67 p4=16.5

;_9_1 3.40 167 4.25 1.04 3.77 17.4 27.83
2.89 m 104 5.08 0.335 1.14 16.5 27.81
2.70 2.94 104 3.81 1.42 5.38 16.4 25.22
2.46 1.53 5.76 801 0.345 0.978 18.4 27.66
2.62 2.56 102 2.87 2.4_1 11.0 30.2 27.81
2.62 2.59 446 2.84 2.38 g._3 35.5 27.80
2.69 2.77 66.0 3.42 2.02 9.22 53.5 27.77

go :2527 -10—3
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The contour of acceptable models is something like a hyper-
ellipsoid, whose orientation defines a set of new coordi-
nates, each of which in general involves several or all of
the original coordinates (the model parameters). Since the
center of the hyperellipsoid is fixed it gives information
on the topography of e around that predetermined point;
in particular if the model is located in a deep curving valley,
the orientation of the valley floor will determine one of
the hyperellipsoid axes.

The method presented in this paper is conceptually
simpler than those quoted above, but it is more general.
It has become possible to implement this simple approach
only because we dispose of an efficient minimization
program capable of returning the best-fitting model in only
a few seconds of computing time. The search strategy moves
from model to model and is not tied to a predetermined
initial point in the space of parameters. Our trade-off and
partial sensitivity matrices thus describe the surface bound—
ing the acceptable models in much more general terms, and
it is for convenience only that the best—fitting model, with
8:80, is chosen as origin. By contrast, the hyperellipsoid
gives local information about the shape of the trade-ofl
surface, which, as shown by Fischer and Le Quang (1981)
is in general highly anisotropic with a long curved valley
close to the level of the lowest s values. If the initial model
is not within the range of the deep valley, the hyperellipsoid
will be unable to yield any information on the orientation
of the valley. .

The trade—off surface defined in the present paper is not
dependent on any linearization and its topology is not af-
fected by the correct choice of an initial model. Choosing
a model away from the true best fit simply increases the
value of 8 at the trade—off surface to a value slightly larger
than 1.10 80. But this is unlikely to change the general shape
of the trade-017surface. The trade-offmatrix may constitute
a more “brute-force” approach to parameter trade-off, but
it is more general than the SVD technique.

Some Typical Trade-Off Conditions

For electric or electromagnetic soundings to be capable of
yielding geologically interesting information, the structure
under study must exhibit reasonably large resistivity con—
trasts. This is true in particular for MT soundings. Restrict-
ing our attention to 1 D configurations, the above statement
implies that structures with layers of alternately high and
low resistivities are especially suitable for MT investigation.

Consider a good conductor, as for example layer 3 of

the first example (Fig. 1), sandwiched between the resistive
layers 2 and 4. This is probably the most familiar trade—off
situation in MT. If indeed pZ/p3 and p4/p3; 10 and if the
third layer thickness h3 is sufficiently large, the apparent
resistivity pa(T) will approach its extreme negative slope,
i.e. dln pa(T)/a’log10 T—> —2.303 over a certain range of
periods, as seen in Fig. 1. This is the transition zone in
which pa(T) is controlled mainly by the two resistivities
p2 and p3. In the Fig. 1 example this range covers the peri-
ods from about 13—50 ms. No further change of slope will
occur if p3 is decreased by any constant factor c> 1. The
only thing that this decrease will produce is to lengthen
the portion of the pa(T) curve with the extreme slope. It
is quite well known, however, that the original curve length
can be recovered through a simple reduction of the thick—
ness h3 by the same factor c. In other words, any changes
in p3 and h3 which maintain the original conductance h3/‚03
and which satisfy the “high contrast” requirements (oz/p3
and p4/p3g10), yield the same response function pa(T).
This is shown graphically in Fig. 2. The same remarks also
apply to the phase response, plotted as çà in degrees vs.
log 10 T, as there is again an extremal negative slope which
may approach —65.96 when ‚03/p2 —> 0.

Therefore, pa(T) and ¢(T) data with negative slopes
close to the limiting values consitute a typical trade-off situ-
ation from which the only conclusions that can be drawn
are upper bounds for the layer thickness and resistivity,
and a fairly reliable value for the layer conductance h3/p3.
If there is no independent information as to the value of
either p3 or h3, neither parameter can be determined sepa—
rately. It also follows from this that the depth to the under-
lying resistor cannot be deduced from the MT sounding
alone.

The second situation which we should like to consider
appears at first to be just the opposite of the previous one,
but it will lead to conclusions which are not simply “oppo-
site”. Here two conducting layers sandwich a highly res-
istive formation, as with the top three layers in the second
example, pertaining to Figs. 4, 5 and 11. If ‚02/‚01 and
‚02/‚03210, and if l22 is again sufficiently thick, pa(T) and
¢(T) will approach their extreme positive slopes in a given
range of periods, here T= 70—200 s,

d ln pa(T)/a’ log10 T—> 2.303, d ¢(T)/d log ,0 T—+ 65.96.
In this situation it becomes impossible to determine p2,
except by specifying a lower limit. The length of the steeply
sloping curve, on the other hand, is controlled by the layer
thickness h2 which is thereby determined with a high degree

Table 6. Trade-ofl matrix for station NEW (data courtesy of Jones and Hutton, 1979). Apparent resistivities are given in Qm and
thicknesses in km. The values of a are also given; they are close to 1.10 80, except when a bound is reached, in which case they
are usually close to 80

<9— P4 h3 P3 h2 P2 h1 P1 P1 h1 P2 h2 P3 h3 P4 8+
(1073) (10-3)

59.71 36.9 262 699 30.1 70.1 27.5 Æ ‚01—-— 104 10_413.5 96.5 49.0 626 271 35.3 54.34
59.95 43.7 211 104 86.1 126 M 104 hl: 13.5 286 32.1 16.3 5.79 682 273 44.0 59.99
59.00 20.0 346 396 0.0323 0.100 26.3 104 p2: 96.5 104 8.86 Q8 85.8 6730 214 48.1 59.47
59.45 10.9 341 375 0.0266 0.100 31.0 409 h2: 49.0 104 9.11 124 887 104 233 20.1 59.19
59.62 5.03 327 Æ 26.7 71.7 16.1 104 p3=626 104 11.9 108 70.2 1_0_4 202 63.1 55.11
59.74 219 1_1_1 104 60.0 104 12.5 104 h3=271 104 15.9 78.5 32.4 446 4m 0.533 59.67
56.38 0.100 326 498 44.4 92.5 13.8 104 p4: 35.3 104 13.5 98.7 54.0 1730 131 2_60 60.15

80:54.34'10_3
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Fig. 4. MT data for station AHA (data courtesy of Jodicke, 1980 a)
and best-fitting four-layer response (of. Tables 3 or 4)

of certainty. When ‚02/‚01 is made very large the sloping
portion will tend toward its high limit and so h2 will have
to be reduced somewhat to effect the required levelling of
the pa(T) curve. If, however, one tries to model the data
with the smallest possible ratio pz/p1 the thickness h2 will
have to be increased slightly to produce the levelling off
at the same value of pa(T). But unlike what was observed
in the previous example, there is only a weak trade—off rela—
tion between resistivity p2 and thickness h 2. All we observe
in Fig. 5 and Table 4 is that h2 is at the upper end of its
range (about 6 km) when p2 is close to its low bound (about
7.5 Qm), whereas h2 drops to 3.8 km when ’02—) oo. Evi-

MUDELLINB WITH VARIOUS VALUES ÜF p2

211

dently this second situation leads to an entirely different
trade—off relationship than the first one. The layer resistivity
is given only by a lower bound, but its thickness is deter—
mined with rather high accuracy. It is easy to observe with
layers no. 2 of the first and second examples and layer no. 3
of the third one (Tables 2, 4, and 6), that the thickness
range of such a resistive layer usually spans a factor of
about two, and that thick layers always correspond to the
lowest permitted resistivities.

Another trade~off situation seems to relate the resistivi-
ties of adjacent layers. In the third example (Table 6) it
can be observed that when p3 is high, p2 and p4 are generally
high too. The same is true for the relation between p3 and
p4 in the second example (Table 4). This means that the
resistivity contrasts are often as important as the absolute
values of the resistivities.

More obvious is the relationship between the thickness
of a layer and the resistivity of adjacent layers. If a layer
is made as thick as possible, it is likely that the next deeper
layer will require a greater resistivity contrast, in order to
counteract the decrease in curvature that the thick layer
engenders. This can be seen clearly in Tables 2 and 4, where
the largest h2 are coupled with the lowest p3. In Table 6
the largest h3 are strongly correlated with low p4.

Choosing the Correct Number of Layers

In the preceeding sections the importance of modelling with
the correct number of layers has been stressed on several
occasions. Once again this is a problem whose answer
depends decisively on the availability of independent infor-
mation about the structure under study. Let us begin with
the most common situation, where the only information
available is the MT sounding data. Under these circum—
stances several reasons can be invoked which emphasize
the importance of choosing the correct number no of layers
with which to model the data. Suppose n0 has been deter-
mined, as for the first three structures chosen as examples
(Figs. 1, 4 and 6). It is well known that any number of
thin layers can be added to the structures without spoiling
or improving the fit significantly. This is clearly seen in

(WM)ZH

Fig. 5. Trade-off relationship between p2 and h2 for
station AHA (cf. Fig. 4)
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Fig. 6. MT data for station NEW (data courtesy of Jones and
Hutton, 1979). The solid line corresponds to the best-fitting model
(cf. Tables 5 or 6). The dashed lines are the responses of the best-
fitting models to, respectively, the pa(T) data or the ¢(T) data
(cf. Fischer and Le Quang, 1981)

PARAMETER SENSITIVITY
STATION NEW.

Fig. 11. Adding these extra layers is unjustified because it
is equivalent to attributing more information to the data
set than it actually contains. Good data often appear as
highly correlated, but a high correlation implies a reduction
of the number of degrees of freedom. In other words, good
data can generally be accounted for well with few layers.

But there is another danger in modelling with too many
layers. As was shown by Fischer and Le Quang (1981),
in the space of model parameters with the correct dimen-
sions 2110-1, the absolute minimum 80 occurs at a clearly
identifiable isolated point: there are no neighbouring
minima and no clusters of local minima. But these state-
ments may well not remain true in a space expanded into
more dimensions. The added layers represent more degrees
of freedom and with these one moves into the sphere of
the so-called “ill-posed problems”, whose solution is unsta-
ble against minute changes in the data (Tikhonov and Ar-
sénine, 1974). An analogous situation occurs in linear
algebra, when the determinant of a system of equations
becomes very small, or even vanishes. To render the prob-
lem regular again it is necessary to stipulate auxiliary re-
strictive conditions (add more equations to compensate for
the excess of variables). In model space the extra layers
correspond to additional dimensions. It then becomes possi-
ble to move away from the original well-defined minimum
into directions at right angles to all the former dimensions,
and in these new directions the original minimum is ill-
defined.

Modelling with too few layers has its pitfalls too. Above
all it means that the modelling process becomes, right from
the start, unable to extract all of the information contained
in the data. A further very undesirable consequence of mod—
elling with too few layers is the following. Whereas we were
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Fig.8. Best-fitting three-layer response to the AHA data (cf.
Fig. 4). The solid line attempts to fit the entire data set with a
three-layer model at the top of the structure. The fit is poor because
the minimization routine tries to avoid large misfits also at the
long periods. The minimum of 8 is therefore shallow. If the data
at long periods are ignored the fit improves dramatically (dashed
curve) and 8 exhibits a much deeper minimum

generally unable to find, in the space with the correct di—
mensions 2110-1, other minima of 8 besides the absolute
minimum 80 (Fischer and Le Quang, 1981), it is evident
that in a space with too few dimensions such multiple
minima exist, even though they will be shallow and sepa-
rated by large distances. Consider our second example; this
data set should be modelled with four layers (Fig. 4). When
attempting to model with three layers it is clear that the
minimization process may try to fit either the top three
layers or the bottom three. As seen in Figs. 8 and 9 the
minimization routine converges toward two well—defined
structures, each of which corresponds to an isolated
minimum in parameter space, with a large separation be-
tween the two.

The seeming uniqueness of the solution when n is chosen
at its correct value no, is evidently lost when n ing. With
n<nO separate minima of 8 at large distances from each
other are an obvious consequence. For n>rt0 a cluster of
minima is likely near the original minimum of 8, but in
directions of the added dimensions.

Choosing the correct value of no is perhaps not always
as straightforward as the first three examples cited suggest
(Fig. 11). An illustration of the difficulties one may en—
counter are given by the data set RABE shown in Fig. 10.
Modelling these data with structures comprising 2—6 layers
yields the 80 (n) function shown in Fig. 11. Our contention
is that if no other information is available the RABE data
set does not give definite evidence for the presence of more
than three layers of different conductivity. The existence
of more layers can only become justified if additional fac-
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Fig.9. Best-fitting three—layer response to the AHA data (cf.
Fig. 4). The solid line attempts to fit the entire data set with a
three-layer model at the bottom of the structure. The fit is poor
because the minimization routine tries to avoid large misfits also
at the short periods. The minimum of 8 is therefore shallow. If
the data at short periods are ignored the fit improves dramatically
(dashed curve) and 8 exhibits a much deeper minimum

tors support it, like MT data from a series of soundings
along a profile of which RABE is just a single bracketed
site.

As was said at the beginning of this section, the avail-
ability of independent information concerning the structure
under MT study may completely change the problem of
determining the appropriate number of layers. The addi-
tional information may well require more layers, but is
likely at the same time to introduce constraints by specify-
ing the resistivity or thickness of certain layers. Postulating
more layers increases the trade—ofl volume, but the addition-
al constraints delimit a sub-class of models within the larger
volume. The more stringent the constraints, the smaller the
sub-class volume and the greater the likelihood that there
will be a single isolated minimum of 8 within the sub—class.

Conclusions

The 1 D/MT modelling routine developed recently by
Fischer and Le Quang (1981) has made it possible to investi-
gate the entire range of model parameter variations which
are compatible with a predetermined degree of fit between
model response and measured data. This range of possible
or permitted models can be represented as a volume in
parameter space, the trade-off volume. The enclosing trade-
0]?”surface is singly connected but usually has a complicated
topography. It can be reasonably well characterized by the
partial sensitivity matrix, which gives the intersections with
the parameter axes, and the trade-offmatrix, which specifies
the coordinates of the extreme extensions in the directions



|00000220||

214

3-LAYER AND B-LAYER
ep/e¢/e

x 1000 z 45/20/34.8

ÊlÊlÊZ-Ë

RABE
3Ü

A

t3 20
e.- 10+
âî g..

-lg . I 1 I

10 ‚
a I" *.
Œ PLu
l"- ..
l—J—l -4r l '-
2 +3:CD Iv

CL
O_ _
<C3:1:o:

1 4 ““1 -.i...l
2.

.LLJ-„J
32 10 10 1U

PERIÛD T (SEC)
Fig. 10. MT data set for station RABE (data courtesy of Jodicke,
1980b). The solid curve corresponds to the best-fitting three—layer
model. The dashed curve corresponds to the best-fitting six-layer
model. The improvement over the three-layer fit is only slight (cf.
Fig. 11)

of the parameter axes. The extensions in other directions
could likewise be investigated by the same modelling
routine. But the trade-offmatrix not only states the extreme
range a given parameter can assume, it also specifies the
trade-off conditions to which the remaining model para-
meters have to be subjected to achieve this range.

The incidence of the choice of the number of layers
on the modelling process has been looked at in detail. The
importance of a correct choice to insure a unique best-fit
have been stated, especially as regards over-fitting, i.e., at-
tempting to model with too many layers. If reliable prior
geological knowledge is available, this knowledge should
be used as it reduces the range of permitted solutions to
a sub-class among all the solutions comprising the trade-off
volume. This is especially important if prior information
requires more layers than can be inferred from the MT
data alone: the trade-off volume increase resulting from the
added layers must be counteracted through reduction to
a sub—class, by pegging some layer thicknesses or resistivi-
ties, since otherwise a unique best-fitting solution cannot
be expected.

Since the trade-off volume encompasses all the models
acceptable within a pre-set standard deviation 8, and since
8 is given as sum of the squares of the individual data
misfits, it is clear that the trade-off volume also comprises
those solutions which tend to give misfits systematically
on one side or the other of the data points. This is to
be expected. Fortunately it is easy to convince oneself that
such systematic deviations over large ranges of the data
are impossible for the best-fitting model.
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Fig. 11. Standard deviation 80 of the best-fitting models, for the
various MT data sets considered, as a function of the number
of layers postulated. In most instances there is no difficulty identi-
fying a unique correct choice no
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Abstract. Geomagnetic micropulsations are believed to
be caused by magnetohydrodynamic (MHD) waves in
the magnetosphere. The corresponding wave equation
is extended by an inhomogeneous term to describe
forced Vibrations generated by a source. The general
solution of this inhomogeneous MHD wave equation is
given. It turns out that it is sufficient to solve a simpler
equation which is independent of the ambient magnetic
field by means of Green’s functions and to perform a
special transformation characterized by the geometry of
the background magnetic field. In an application full
space solutions with respect to a homogeneous mag-
netic field are calculated. In addition, some possible
magnetospheric applications are considered.

Key words: MHD waves — Geomagnetic micropul-
sations — Green’s functions — Boundary value prob-
lems.

1. Introduction

Since Dungey’s (1954) fundamental investigations much
effort has been expended in the attempt to find solutions
to the magnetohydrodynamic (MHD) wave equation
which are in accordance with observed properties of
geomagnetic micropulsations. Most of this work deals
with the corresponding eigenvalue problem. Of course,
any observed pulsation event has to be excited by a
source which, roughly speaking, is located in the outer
regions of the magnetosphere. Only recently has it been
practicable to compare satellite observations accom-
plished in these source regions with ground based
measurements. From these experiments some concepts
have been developed relating different kinds of micro-
pulsations to special source mechanisms in the outer
magnetosphere (for a recent survey see Southwood,
1981). Therefore, it might be of some interest to study
the inhomogeneous MHD wave equation describing
MHD Vibrations generated by some source distribu-
tion. In the present paper a quite general approach will
be given to the solution of this problem.

The basic equations are stated the next paragraph.
The general procedure and the final integral repre-
sentation of the solution are presented later, followed
by a discussion of the general full space solution in a

0340-062X/82/0051/0216/$01.40

homogeneous magnetic field and some explicit so-
lutions to some simple source distributions. The final
paragraphs summarize the results and consider some
possible further applications. In an appendix two sim-
ple magnetospheric models are presented to which
the methods developed in the paper are applicable in
principle.

2. Basic Equations

The theory of geomagnetic micropulsations is usually
based on the set of linearized MHD equations. Consid-
er a MHD plasma with density p0(r) in an ambient
magnetic field B0(r) (r=position vector). It is assumed
that there are no electric currents (curlB0=0), no elec-
tric fields and volume charges, and no plasma move-
ments. Let this static equilibrium configuration be dis-
torted so that the disturbed magnetic field B is small
compared with B0, |B|<<lBOl. Neglecting all terms
which are small, of second order in the disturbed quan-
tities, the basic equations read (SI units being used
throughout the paper)

curl B(r, t) = u0j(r, t), (2.1)

curl E(r, t) = — also, I), (2.2)
at

E(r, t) = B0(r) >< v(r, t), (2.3)

Öpom V; ”=10, r) ><B0(r). (2.4)
Equations (2.1) and (2.2) are Maxwell’s equations in the
MHD approximation (i.e., neglecting the displacement
current) with

,u0 = magnetic field constant = 47r- 10— 7 Vs/Am,
j=electric current density,

E = electric field,
a . . . .

—a—t=der1vat10n
w1th respect to time.

Equations (2.3) and (2.4) describe Ohm’s law for infinite
electrical conductivity and the equation of motion, re-
spectively, where v is the plasma velocity. The assump-
tion of infinite electrical conductivity as well as neglect—
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ing the gas pressure in Eq. (2.4) are good approxi-
mations for the Earth’s magnetosphere (Siebert, 1965).

From Eqs. (2.1)—(2.4) one single differential equation
can be deduced for any of the vector fields of interest
B, j, E, and v. It is customary to choose the electric
field E because it plays the role of the vector potential
with respect to the magnetic field disturbance B for
time periodic phenomena (Eq. (2.2)). Supposing a time
dependence proportional to exp(iwt) (i=imaginary
unit, wzangular frequency) some manipulations yield
(curl2 = curl curl)

E(r) >< E(r) >< curl2 E(r) + k2 E(r) = 0 (2.5)
with tzBo/IBOI the unit vector in the direction of the
undisturbed magnetic field and kzw/VA. VA is the Alf-
ven velocity, VA=BO/]/ ‚uopo. In the following it is
assumed that k=const., i.e., BO(r) and p0(r) are related
by some function to give a constant Alfvén velocity V.1 .

The inhomogeneous MHD wave equation results
from (2.5) by adding a “right hand side”, say —Q(r),
representing some source function. In terms of an ex—
ternal force density ke(r, t)=kf,’(r) exp(ia)t) acting on the
configuration, Q is given by

Qzacouo/lßolfix kS. (2.6)
The overall problem of the present paper can then be
stated as follows: A

Given a scalar constant k and two vector fields t(r)
and Q(r), determine a solution E(r) of the equation

E(r) >< E(r) >< curl2 E(r) + k2 E(r) = — Q(r) (2.7)
in a region V with suitable conditions at the boundaries
of V.

3. The Formal Solution
of the Inhomogeneous MHD Wave Equation
In this section the formal solution of Eq. (2.7) together
with appropriate boundary conditions will be develop-
ed using the method of Green’s functions. This method
for solving inhomogeneous problems is usually based
on a knowledge of the eigenfunctions of the corre-
sponding homogeneous equation. Unfortunately, the
eigenfunctions of Eq. (2.5) are not generally known.
However, a simple transformation of Eq. (2.7) will show
a way out of this difficulty.

Making use of the vector identity

A><(B><C)=B(A-C)—C(A-B)
for every three vectors A, B, C, Eq. (2.7) can be written
as

curlZE—kzE=Q+‘B,-curl2 E. (3.1)

The second term of the right hand side of Eq. (3.1)
represents the scalar product of the dyad (second rank
tensor) ‘B,=tt and the vector curl2 E,
‘13, - curl2 E =Î(Î - curl2 E).

For the moment, this term involving the influence of
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the undisturbed magnetic field B0 will be dropped to
shorten the notation. The remaining equation

curlz E—k2 E=Q (3.2)
is well known from classical electromagnetic theory. It
determines the electric field due to a distribution of
oscillating electric dipoles with moment Q (except for
dimensional factors). The solution of Eq. (3.2) by means
of Green’s functions is a classical procedure. Define
Green’s dyad ©(rlr’) by the equation

curl2 Œ(rlr’)—k2 (6(rlr’):Sö(r—r’) (3.3)

(Szunit dyad, 5(r—r’)=Dirac’s delta function, r=ob-
servation point, r’=source point) satisfying the same
boundary conditions as the electric field E. Multiplying
Eq. (3.2) by (6(rlr’) from the right, Eq. (3.3) by E(r) from
the left, respectively, integrating the difference with re-
spect to r over the volume V and using Green’s vector
theorem (Morse and Feshbach, 1953, p. 1768) yields

E(r’) = j Q(r)®(rlr’) d V

— cÿdS {curl E(r) ~ [ô >< (ñ(r|r’)]

— [û >< E(r)] ~curl (5(rlr’)}. (3.4)
In Eq. (3.4) S is the boundary surface of V and ô is the
outward normal unit vector.

In the following it is assumed that there are only
perfectly conducting boundaries. In this case of zero
tangential boundary values the surface integral in Eq.
(3.4) vanishes. For exterior problems (i.e., without outer
boundaries) a suitable condition at infinity has to be
stated. Since Eq. (2.7) belongs to the class of Helm-
holtz—type differential equations, this condition is the
so called Sommerfeld radiation condition. Its appro—
priate form for the vector Helmholtz equation reads

|rE| < C(C =const.) and r(\? >< curl E— ikE)——>O (3.5)

uniform with respect to direction as r—>oo (Jones, 1964,
p. 63).

Demanding an equivalent condition for Green’s
dyad (5, it follows from the boundedness of rŒ that

lim r2(\î>< curlE—ikE)- Œ =0,
r->oo

and from the boundedness of rE that

lim rZE-(fix curlCfi—ik®)=0.
r—>oo

Combining these results yields

lim r2 [(0 >< curl E)- (ñ —E - (ô >< curl 6)] =0.
r—>oo

By cyclic permutation of the factors in the triple scalar
products and because d Socr2 the surface integral in Eq.
(3.4) vanishes for all kinds of boundary condition under
consideration.

In the remaining terms of Eq. (3.4) interchange r
and r’ and make use of a fundamental property of
Green’s functions, i.e., their reciprocity,
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(ñ(r|r’)=ŒT(r’lr)

((ñT=transposed dyad). This results in the following
integral representation of the solution of Eq. (3.2)

E(r) =5 Œ(r|r’) - Q(r’) d V’ (3.6)

where dV’ is the volume element with respect to the
source point coordinates (r’). Equation (3.6) can be
written in a shorter form by introducing an operational
notation,

E=GQ. (3.7)

In this form G is an integral operator with dyadic
kernel @(rlr’).

Applying this result (Eq. (3.7)) to the complete prob—
lem (Eq. (3.1)) the following integral equation, or more
exactly, integro-differential equation is obtained

E=G(Q+‘J3,-curl2 E). (3.8)

So far, the anisotropy of the problem caused by the
direction of the undisturbed magnetic field and repre-
sented by the dyad ‘13, has not been taken into account.
A genuine way to overcome this shortcoming is to
introduce .3 special system of reference, i.e., the local
triad t, ñ, b with respect to the vector field BO, as it was
broughtA into disqussion by Siebert (1965). The three
vectors t, ñ, and b form a right—handed orthogonal set
of unit vectors specifying the tangential, the principal
normal, and the binormal direction, respectively, at any
point of space with respect to the field B0.

Now, all vector fields are to be decomposed in their
components according to that triad (e.g., F=F,t+F,,fi
+b for any vector F). In this sense the following
matrix notation is obvious for Green’s dyad (ñ,

G,,(r | r’) G, „(r | r’) G, b(r l r’)
(.600): G..(r1r'> G„„(rlr’) 6.100) (3.9)

tülr’) Gb nÜITI) b(r|r’)

where, e.g., G,,(rlr’) is given by

G,,(r l r’) =Î(r) - (5(1‘ | r’) -Î(r’).

In a similar way one can introduce a matrix notation
for the integral operator G,

Gll t GIb

G: G”, Gm, on, . (3.10)
t Gbn b

The components of this operator valued matrix (Eq.
(3.10)) are scalar integral operators with kernels given
by the corresponding elements of the matrix defined in
Eq. (3.9).

This system of reference is of great advantage in
describing the fields involved. Special features which
frequently are closely connected to the geometry of B0
can be seen most directly. For example, the condition
that the electric field has to be perpendicular to the
magnetic field B0 (Eq. (2.3)) simply reads E, =0, similar—
ly, Q,=0 (Eq. (2.6)). Furthermore, rather than specifying

the magnetic field B0 in this stage of analysis, it is
possible to continue the calculations quite generally.

Now, after these preliminary remarks concerning
the system of reference, Eq. (3.8) can be treated further.
It is quite unsatisfactory that the condition E,=0 can-
not be seen directly in this representation. However, it
is possible to transform the right hand side of Eq. (3.8)
so that it depends only on the given source function Q
(Krummheuer, 1981, p. 60)

E=(G—GAG)Q (3.11)
where

0,;1 0 0
A: 0 0 0 (3.12)

O 0 O

with G,,‘1 as the inverse operator to G“, G,,G,,‘1 =1, I
=identity operator. Now it can be shown that the
electric field given by Eq. (3.11) possesses all the desired
properties. Obviously, the dyad ‘13, can be represented
by the operator valued matrix

100
13:000.

000
Then firstly,

E.=BE=(P.G—BGAG)Q=<P.G—P.G)Q=o (3.13)
because P,GA=B. Secondly, E is a solution of the
differential equation (3.1) because

curl—k2E=Q—AGQ (3.14)

from Eq. (3.3). Applying the operator P, to the last
equation one obtains

P,cur12E=—P,/1GQ (3.15)
using Eq. (3.13), E,=0, and Q,=0 (Eq. (2.6)). Now, BA
2/1, and comparing Eqs. (3.15) and (3.14) it follows
that

curlZE—k2E=Q+‘J3,~cur12E

which is identical with Eq. (3.1). Thirdly, the repre-
sentation of the electric field E by Eq. (3.11) guarantees
that the boundary conditions are satisfied, since the
kernel (5(r1r’) of the integral operator G obeys the same
boundary conditions as E.

The remaining problem now is to determine G,,‘l.
Unfortunately, the components of the matrix defined
by Eq. (3.9) do not have the properties of scalar
Green’s functions. This can be seen by multiplying Eq.
(3.3) by t, e.g., from the left and the right. The result

E(1~).cur12 (50 | r’) -Î(r’)
— k2 G,,(r l r’) =Î(r) -Î(r’) ö(r — r’)

shows that the first term cannot be expressed as a
scalar differential operator applied to G”, in general.
Therefore, G,,‘1 is not representable as a scalar differen—
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tial operator. Only for very simple configurations does
it appear possible to find G;1 analytically. One exam-
ple will be given in the next Section.

For the general solution (Eq. (3.11)) the following
Fredholm integral equation of the first kind has to be
solved,

Gtt f: —(t Qn+t Qb):

or, more explicitly,

fGtt(rlr’) f(r’) dV’
V

= - l [t(l‘lr’) Q„(r’) + sü‘lr’) Qb(r’)] d V’.

ow)

Defining a function Q’ by

Q=fl+Q
With f the solution of Eq. (3.16), the general result can
be written as

iEz—Rxfxcny. (arm

4. Applications to Forced Vibrations
in a Homogeneous Magnetic Field

In the preceding Section a general solution of the in-
homogeneous MHD wave equation has been found
without specifying the ambient magnetic field BO (ex-
cept for curlBO=0). It is instructive now to look for
solutions in simple configurations. Consider a homoge-
neous magnetic field 30:13.92 in a rectangular carte-
sian coordinate system with unit vectors x, ÿ, î, and
require a full space (i.e., an outward radiating) solu-
tion E(r) of Eq. (2.7) generated by an arbitrary source
function Q(r). The corresponding Green’s function for
this problem is (using dyadic notation)

—ikR

47'CR ’
1

(5(rlr’): (3+k—2grad grad) R=|r—r’| (4.1)

(e.g., Morse and Feshbach, 1953, p. 1780). To apply Eq.
(3.11) it is necessary to invert the integral operator G”
=Gxx with kernel

. 1 Ö2 —ikR

Gxx(r|r/): (1+—— _—2> e——' 4.2
k2 ôx 47IR ( )

This can be accomplished by looking for a solution f(r)
of the differential equation

um

(q some source function) satisfying a radiation con-
dition in three dimensional space. Direct substitution
into Eq. (4.3) shows that

1 e—ikR

EI: V 47'CR
+00

-[5 e4Hß<q"+köqundx{Ln/
—OO

f(r)= —
(4.4)
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Iis the desired solution (R=|r—r’|, r=(x, y, z), r
=(x’, y’, z’), r” =(x”, y’, z’), A” =Laplacian with respect to
r” .

To obtain this result one has to proceed quite care-
fully. For example, the function

1
f(r)= Îz‘k _:5 e-ik'xx'q<x y,z2x)d
is also a solution of Eq. (4.3), but it fulfills 1D radiation
condition rather than a 3D one. The radiation con-
dition in 3D space is given by the behavior of the
function exp(—ikR)/R as R—>oo, and it is this kernel in
Eq. (4.4) that guarantees the correct behavior at in-
finity. This dimensional dependence of the radiation
condition is the reason for “embedding” the 1D kernel
exp(—ik|x—x’|) in a manner given by Eq. (4.4).

Now, combining Eqs. (4.2) and (4.4),

82 k
(pd—[(2) f(r):

"E
nxÜ'llJ)

.[Wj e4Mr<VwA"+kaquq{LHW (45)

and rewritting Eq. (4.3) as

the bracket on the right hand side of Eq. (4.5) together
with the factor k/2i provides the representation of Gx‘xl.
Further, the matrix A (Eq. (3.12)) can now be estab-
lished and the complete solution of the equation under
consideration reads (after some lengthy calculations)

Em: 5 (4R
—ikR

3)QŒMV’
—ikR1 e

+x><x>< d d
jk—

—gra gra (447rR )mvc mm

In the second term the influence of the magnetic field
BO 2B0 x is obvious both in the double vector product
withx 0and in the appearance of Q, where

+00

Q(r’)=% j e‘ik'x' ‘x"' Q(x”‚ y’, 2’) dx”. (4.6a)

It can be ascertained by direct substitution into Eq.
(27) (with t(r) replaced by x) that Eq. (4. 6) together
with Eq. (4.6a) is indeed the solution of the inhomo-
geneous MHD wave equation for a homogeneous mag-
netic field B0 and a radiation condition.

The representations Eqs. (4.6) and (4.6a) allow de-
termination of exact solutions of the inhomogeneous
MHD wave equation for simple source distributions
Q(r).

As a first example consider a homogeneous exci-
tation in the plane x=0, i.e.,

Q(r) = Q ô(x), Q =_c0nst., Qx = O.

Straightforward integration shows that the second term
in Eq. (4.6) makes no contribution whereas the first
term simply leads to
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__ 1 —ik|x|
—2ik

Qe . (4-7)

As expected, this result represents a plane wave travel-
ling in the positive x direction for x>0 and in the
negative x direction for x<0, respectively.

As a second example consider a point source exci-
tation by a Hertzian dipole at the origin, i.e.,

Q(r)=Qö(r)‚Q:const.‚ Q.=O.
Even in this more complicated case all integrals can be
evaluated explicitly to give the electric field

e—-ikr+
47:1” +7I4 k

e—dkrE=Q 2 (r-Q)]. (4.8)——x><x><grad[
p

(p2=(x><x><r)2=r2—x2). Its components turn out to
be quite simple when we introduce cylindrical polar
coordinates (x, p, (p). In addition, without loss of gene—
rality, let

Q=Qÿ=Q(fi COW—438m (b)-
With these assumptions one obtains

—ikri e
Ep=

4—nk
2,Qcosrp (4.9a)

i e—ikr 1°kE =—4) 4M p Qsind>( ). (4.9b)

A striking feature of this solution (Eqs. (4. 8) or (49a, b))
is the existence of a singularity at p2 O, ie., a singu-
larity along the x axis In particular, it is impossible to
satisfy the radiation condition (Eq. (3.5)) with respect to
the direction of the ambient magnetic field B0. This
can be seen in more detail by writing Eq. (3.5) ex—
plicitly,

—ikr

r(\?><curlE—ikE)=e Qcosgb
7w

1 A
sin 6

r (4.10)

where the angle 0 is between the radius vector and the
x axis, cosôzf-â. From Eq. (4.10) it is clear that the
radiation condition is satisfied in every direction as
r—>oo except for 920 and 027:, ie., except for the
direction of the magnetic field B0. This property is not
yet completely understood, but it seems to be a quite
general feature of wave motion in anisotropic media
(Lighthill, 1960). Nevertheless, Eq. (4.8) represents an
exact solution of the inhomogeneous MHD wave equa-
tion for a point source excitation in a homogeneous
magnetic field B0.

The components of the corresponding magnetic
wave field B can easily be obtained from Eqs. (4.9a, b)
using the induction law (Eq. (2.2)),

i e—Jkr

x=—a—) 4W3sin
qb(1+ikr),

i
—ikr

. p2Bp =
—5 47rrp2

xQ 81nd) [1+r—2(1 +zkr)],

i efikr
4,2— 2 xQ cos d).

a)4nrp

Obviously, the behavior of the component Bx is regular
outside the origin whereas the components Bp and Bd,
show the same singularity at p2 O as the electric field
components (Eqs. (4.9a, b)).

In summary we note that the undisturbed magnetic
field BO does not enforce one special direction of wave
propagation. It is the direction of BO that influences the
amplitude of the wave field in a striking manner.

As a third example consider a homogeneous exci—
tation within a circular disc of radius a in the plane x
=0, i.e.,

Q 6(x), if p g a, Q = const.

Q(r) = = QOÔ COS Cb — 4; sin 4)) (833’), Qx = 0
O, if p > a

again using cylindrical polar coordinates. In this case
the integrals can be calculated only asymptotically for
the two extremes p <a and p>a, respectively, yielding

=__Q (e—iklxl _ie~ik W),Zik 2 p<a (4.11a)

and

IE—_ 2 l e—Jkr
—7ra

m p2
A ikp2 _ A

-[cosçbp+(1+
r

>s1ndup], p>a. (4.11b)

Of course, the results of the preceding two examples
are included in Eqs. (4.11a, b). From Eq. (4.11a), as
a—mo (assuming that k possesses a small negative
imaginary component), we derive Eq. (4.7). Similarly,
from Eq. (4.11b), as a—->O (and simultaneously Q—>oo so
that nazconst) we derive the result for a point
source excitation (Eqs. (4.9a, b)).

The first example shows that a plane wave is gener—
ated only by a very special excitation. The results of
the second and the third example “re-emphasize how
unrealistic is a treatment of anisotropic wave motions
in terms of plane waves alone” (Lighthill, 1960, p. 415).

5. Conclusions

In the preceding section the feasibility of the method
described in Sect. 3 has been tested by applying Eq.
(3.11) to simple source distributions in a homogeneous
field B0. The general solution (Eq. (3.11)) shows that it
is sufficient to know Green’s dyad for a problem which
is independent of the field BO (Eqs. (3.2) and (3.3)). The
anisotropy caused by the geometry of the magnetic
field BO has then to be taken into account by a trans—
formation of the integral operator G. This transfor-
mation can be achieved most simply by introducing a
special system of reference, ie., the local triad with
respect to the vector field B0. After inversion of the
component G” of the integral Operator G the (operator
valued) matrix A can be established, and the influence
of the magnetic field BO is then given by the additional
term GAGQ in Eq. (3.11).

This procedure divides the problem into two parts.
The first is concerned with the region under conside—
ration together with the boundary conditions, the sec—
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0nd with the magnetic field B0. In principle therefore,
it is possible to solve the inhomogeneous MHD wave
equation in those regions where Green’s dyad can be
found, according to Eq. (3.3). The prerequisites for
applying this formalism to two configurations which
might serve as simple magnetospheric models are given
in the appendix.

It is the aim of future work to complete these mo-
dels (or similar ones) by special source mechanisms to
describe the excitation of the various types of micropul-
sation. This can be accomplished only by detailed
numerical calculations. Any heuristic approach to the
problem will lead to quite speculative results, since
even the conclusions of the preceding section, referring
to a far simpler geometry, show some unexpected fea-
tures.

Finally, it should be noticed that the application of
the general result of Sect. 3 is not restricted to the
interpretation of geomagnetic micropulsation. It is ap-
plicable to all kinds of forced MHD wave phenomena
for which the basic equations (Sect. 2) hold.

Appendix. As a first example consider the region out-
side a sphere of radius a. Let this region be filled with a
magnetic dipole field and ask for a solution E of Eq.
(2.7) generated by an arbitrary source distribution Q
with f>< E=0 at r=a and E satisfying a radiation con-
dition (Eq. (3.5)). This is an exterior problem outside a
perfectly conducting sphere of radius a. Green’s dyad
according to Eq. (3.3) is well known from classical
electromagnetic theory. Using dyadic notation and re-
ferring to spherical polar coordinates (r, 0, çb) it reads
(Jones, 1964, p. 497)

' aonly): —Zl—{(k2f+grad Æ)
71k(w l ô / /Ör’) rr V1(r,r)

+ k2(Î >< grad) (î’ >< grad’) V2(r, Ü}. (Al)

The functions V1 and V2 are given by
0° 2 1V.<r.r'>= "Jr (j.<kr>+A.hi.2>(kr)> WW)(cosv)

n=1 ”(I/1+1)

00 2n+1 _ 2 2V2(r,r’)= Z ———(/n(k1)+B„ h( )(kr))h( )(kr’P)"(cos y)"=1 ”(HD (A.2a)
for r<r’ and interchanging r and r’ for r>r’. In Eq.
(A.2a) jn and hf,” are spherical Bessel functions of the
first and third kind, respectively, B, are Legendre poly—
nomials, )2 is the angle between the observation point r
and the source point r’,

cos y =î -î’ = cos 6 cos 6’ + sin 9 sin 6’ cos(q5 — (19’).

An and B" are constants,

An: ’ [%(rj")]‚=„ / [52011351261
B = —j.(ka)/h£.2>(ka).n

(A.2b)
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The local triad with respect to a dipole field

B0: ——ËO——(2c050r+sin00)47: (A3)

(M=dipole moment) is given by

n)(r): —(1 +3 cos2 6)“% (2 cos 6î+sin0Ô),
ñ(r)=— (1 +3 cos2 0)“%(sin0f—2 c050 Ö),

l0(1): —¢
The second example refers to a closed magnetospheric
model. Indeed, the magnetosphere is not extended to
infinity, but it is bounded by the magnetopause. The
actual shape of the magnetOpause is rather awkward,
and it might be very difficult to construct Green‘s dyad
for configurations close to reality. Certainly, the follow—
ing model is oversimplified, but it should serve as a
first attempt to take into account an outer boundary.

Consider the region between two concentric, per-
fectly conducting spheres with radii a and R, respec-
tively, a<R, and a magnetic field BO which will be
referred to later. Green’s dyad for this region and the
corresponding boundary conditions at r=a and r=R
can be represented in a similar way to the case above.
The functions V1 and V2 in Eq. (A.l) have now to be
replaced by

V1(l',l'l)

0° 2n+1 _ _ ‚= —— [(An1n(kr)+ 13,,1’1§.2)(kr))1n(kr )
n=1 ”(I/1+1)

+ ((3,, + 1)J'n(k r) + CM?“ r)) 115,2)(k r’)] 1?.(COS V) ( A.4a)
V2(r9 r!)

m
2n+l[In}: nn(+1)[

+((E„ + DING”) +Fnhî12)(kr)) h53’0“”)1 1?.(008 v)
(Dnjn(kr)+E h‘2)(/<"))J'n(kr’)n n

for r<r’ and interchanging r and r’ for r>r’. The
constants A„‚B„, .‚Fn are given byll1M /.
B.=—l§;<rjn>l-. l§7<r’1‘2’>l.-./Dl

= [6% (riaLa [â (”31)l /Dl
Dn =hf12)(ka) hflz)(kR)/D2
En = —jn(ka)I15;"’(l<R)/D2

(A.4b)

:11

with
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Dz =j,.(ka> 1sR) ——j„(k R) WM).
The ambient magnetic field in this region can be cho-
sen as a superposition of a dipole field (cf. Eq. (A.3))
and the homogeneous field

2M A
0:21.110—

Î(COSÛÎ—-Sin00).7T

The local triad with respect to the resulting field is
given by

Î(r) = —c(r,9) [2cos0 ((§)3—1)f+sin0 ((§)3+2) Ö],

ñ(r)= —c(r,9) [sinQ ((§)3+2)f —2cos0 ((êÿ—l) Ö],

B<r>= -—43
with

R 3 R 6 —%

c(r, 9): [4+4 () (1 —3 cos2 0) + (Î) (1 +3 cos2 6)] .r

For a§r<R this field is very similar to a dipole field
whereas for r—>R the magnetic field lines fit the outer
Boundary r=R. By construction, it has the same vector
field properties as a dipole f1eld (i.e., zero curl and zero
divergence).
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Abstract. The two-dimensional distribution of the charac-
teristics of Pi2 magnetic pulsations observed by the Scan—
dinavian Magnetometer Array (SMA) during the passage
of a westward travelling surge on 11 November 1976 and
during three sucessive auroral break-ups around magnetic
midnight on 15 February 1977 have been studied in relation
to the position of active aurora and the break-up current
system. On both days the greatest Pi2 amplitudes were col- .
located with the region where the brightest auroras were
observed. The sense of polarization of the horizontal distur-
bance vectors changed along longitudinal and meridional
lines. The two-dimensional equivalent current system of the
Pi2 pulsations resembled a circular current vortex around
the location of the localized upward field-aligned currents
and changed its direction from counterclockwise to clock-
wise and back to counterclockwise again within one Pi2
cycle. Our observations indicate that the generation of Pi2
pulsations is not directly connected to periodic fluctuations
of the complete current system at substorm onset, but that
the upward directed field-aligned currents at the western
edge of this system play the most important role for the
Pi2 generation.

Key words: Pi2 magnetic pulsations — Auroral break-up
— Substorm current wedge.

Introduction

There is now a great deal of evidence for a one—to-one
correspondence of the magnetic Pi2 pulsation train to the
substorm expansion phase (Saito, 1961; Rostoker, 1967;
Koshelevsky et al.‚ 1972; Sakurai and Saito, 1976). Differ-
ent investigators consider different phenomena occurring
during the auroral break-up to be the source of this type
of pulsation.

Maltsev et al. (1974), for example, proposed that Pi2
pulsations are the results of an Alfvén impulse transferred
to and reflected from the ionosphere of the opposite hemi-
sphere. The original impulse is generated in the ionosphere
at the moment of auroral brightening. Mallinckrodt and
Carlson (1978) and later Nishida (1979) extended this model
to impulsive changes generated in the magnetosphere. Ros-
toker and Samson (1981) pointed out that a Pi2 train in
the midnight and evening sector may be caused by an impul—

Reprinl requests to .° K.H. Glaßmeier

sive release of energy in a longitudinally localized portion
of the Harang discontinuity. Rostoker and Samson (1981)
further showed that there is a relationship between a sudden
increase of the upward field-aligned current flow at the
equatorward edge of the westward electrojet and the asso—
ciated Pi2. By introducing a special three-dimensional
current system related to the Pi2, Samson (in press 1982)
is able to show that the net Hall current in the ionosphere
is phase shifted by 90° relative to the net field—aligned
current and certain experimental results (for example, the
elliptical polarization of Pi2’s) can be explained by
Samson’s model.

A close morphological connection of PiB magnetic pul-
sations (whose low-frequency part is observed as Pi2 pulsa-
tions) with field-aligned currents has been pointed out by
Heacock and Hunsucker (1981) and Bösinger et al. (1981).
There is also some evidence that Pi2 pulsations can be gen-
erated by fluctuations of the complete current system asso-
ciated with the substorm (Boström, 1972; 1974; Chao and
Heacock, 1980).

This work is a case study of the relationship between
the Pi2 characteristics and the local three-dimensional
current system associated with the break-up of aurora and
substorm onset and to give some experimental outline of
a Pi2 model that may explain our two-dimensional observa—
tlons.

Data and Data Analysis

The present work is based on magnetic field data from
the Scandinavian Magnetometer Array (SMA; see Kiippers
et al., 1979; Maurer and Theile, 1978) and data from the
Finnish all—sky camera Chain for events on 11 November
1976 and 15 February 1977. The ground based observations
on 11 November 1976 have already been analysed by
Yahnin et al. (in press 1982) and Pellinen et al. (1982).
The unfiltered magnetic data and information on the
Finnish all—sky cameras operated during this event may
be found in these publications. The data obtained on 15
February 1977 between 2100 and 2130 UT have been de—
scribed in detail by Baumjohann et al. (1981), who con-
structed a three-dimensional model for the break—up current
system, i.e. the substorm current wedge, based on all-sky
camera, STARE radar (Greenwald et al., 1978), and SMA
data. In Baumjohann et al. (1981) a map with station
names, profile numbers etc. can also be found.

The Pi2 pulsations have been separated from the back-

0340—062X/82/0051/0223/$02.20
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Fig. l. High-pass filtered (periods less than 150 s; upper traces), low-pass filtered (middle traces) and original (lower traces) magnetograms
of the horizontal A component (roughly directed to geomagnetic north) at the stations FRE, OKS and MAT observed on 15 February
1977

ground magnetic field by applying a high—pass filter with
a cut-off period of 150 s to both horizontal magnetic distur-
bance components (A component: roughly geomagnetic
north; B component: roughly geomagnetic east; see
Kiippers et al., 1979). Such a filtering process is not without
problems. Inspection of Fig. 1 shows that one may identify
the Pi2 on 15 February 1977 as a dPi pulsation, a classifica—
tion introduced by Stuart (1972). This means that, in addi-
tion to the Pi2 pulsation, there occurs a simultaneous back-
ground variation of the magnetic field which has a time
constant similar to the Pi2 itself. Because of the rapid
switch-on of the background field the filtered data will be
heavily influenced by the impulse response function of the
filter used. The influence of the response function will be
strongest for a magnetogram of the type shown in the left
part of Fig. 1. This is about the worst case we found in
our data while a recording of the type shown in the middle
part of Fig. 1 does not cause much trouble. In this latter
case the Pi2 is clear in the unfiltered data. The right panel
of Fig. 1 shows data from a station with a moderate degree
of confidence. To give an idea of how realistic the filtered
waveforms are, an artificial signal (Fig. 2), similar to that
in the left part of Figure 1 but without an additional Pi2-
like signal, has been constructed and filtered in the same
way as the real data. The result (lower part of Fig. 2) is
a signal with an amplitude of about one third of the value
of the offset in the unfiltered signal. This shows that data
like those shown in the left panel of Fig. 1 are heavily conta—
minated by the influence of the filter used.

Although this technique is far from perfect, it is ade-
quate for the job in hand. Such sophisticated methods as
the complex demodulation used by Beamish et al. (1979)
and Lester and Orr (1981) suffer from the same difficulty.
The polarization filters developed by Samson and Olson
(1981) are probably the best method presently available
for separating a Pi2 signal from the background variation,

150

0 200 400 600 800 1000 1400 Tlsl

F
Fig. 2. An artificial signal representing the trend in the magnetic
data shown in Fig. 1 together with its high—pass filtered (T< 150 s)
signal (lower part). The amplitude is given in arbitrary units

but to our knowledge the perfect technique does not yet
ex1st.

Figure 3 shows raw power spectra of the unfiltered time
series shown in Fig. 1. All the spectra have a peak near
a period of 90s which confirms that a filter cut-off at 150s
is suitable for this event.

Following the criteria given by Samson (in press 1982),
to distinguish a real Pi2 from Pi2-band electrojet noise,
we looked at the mid-latitude magnetograms at Borok
(USSR) and Göttingen (FRG) where one can see clear Pi2
activity during the time of the events analysed. For the
15 February 1977 event, Bosinger et al. (1981) also report
strong PiB activity.

One of the most important Pi2 characteristics we wished
to analyse was polarization, along with it’s variation in
space and time. Therefore, to get information about these
parameters, hodograms of the horizontal disturbance
vectors were constructed (Fig. 4). From such hodograms
the amplitude of the major axis of the hoirzontal polariza—
tion ellipse and the sense of rotation of the Pi2 disturbance



225

Ë 4 “I” i at :a a ~ e:1 i 5
Ë ë E
Ë E: i:
a J: a
Ë. 1135:— Ë 104:“ Ê” “1055"

E B B

112}à m3 10‘515.

103: 102 103T

102: 11:1" 102-.-

101 ‘ 1..... ' :"""' 100 ' ""'"" ' 1....... 10110 '3b""'irio armada:10 30 100 300 T [SEËQÛÜ 1C} 30 100 300 T [81210130 T [SEE]
FRE OKS MAT

Fig. 3. Raw power spectra of the A components at the stations FRE (left), OKS (middle) and MAT (right) between 2115 and 2125 UT
on 15 February 19??
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Fig.4. Examples of hodograms of the horizontal disturbance
vectors at the stations FRE, OKS and MAT. The hodograms start
at 2119 UT and are plotted for 120s. The sense of rotation is
indicated by smot'z' arrows

vector can be determined within about one cycle. In some
cases an unambigous determination of the sense of rotation
was not possible (see station FRE in Fig. 4). This will be
indicated in further figures. In the following discussion it
will become apparent that the highest possible temporal
resolution of the Pi2 characteristics is needed, since they
change drastically with spatial and temporal changes in the
active aurora.

Observations

11' November .1976

Most stations of the SMA recorded data during this event.
The development of the disturbances was characterized by
an intensive growth phase (the magnetic field due to the

westward electrojet over Scandinavia reached values of
about —300 nT) that lasted for about 30 min, and a weak
auroral break-up (the poleward expansion amounted to
about 2° only). The disturbances during the event on
11 November 1976 were described in detail by Yahnin
et al. (in press 1982) and Pellinen et al. (1982). Highpass
filtered magnetograms (Ta: 150 s) from the stations located
on the meridional profile 4 are shown for this event in
Fig. 5. During the break-up (2102—2107r UT) the bright
aurora was in the field of view of the Finnish all—sky tram—1
eras.

At 2103 UT a bright arc was observed and until
2104 UT the poleward border of the bright aurora remained
at the same latitude but the western edge moved to the
west. The location of bright aurora at 2103 UT and isolines
of the amplitudes of the major axes of the horizontal polar-
ization ellipses (as determined from the hodograms) for the
interval 2102:30—2104:00 UT are drawn in the left upper
panel of Fig. 6. The region of the greatest amplitudes coin-
cides well with the region occupied by the auroral bulge.
Though there are no magnetograms available from the sta-
tions ROS and MIE on profiles 3 and 4 the overall pattern
of the amplitude distribution does not depend critically on
this data gap. The distribution of the sense of rotation of
the horizontal disturbance vectors for the same time interval
is shown in the upper right panel of Fig. 6. Along profile
4 there is a clear change of the sense of rotation of the
horizontal vectors near the bright arc. The sense of rotation
at the stations of the meridional profiles 2 and 3 is uncer-
tain. This may be due to the high speed of the bulge’s
western edge (1.5 kin/s) when crossing the profiles 2 and
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3. There is some indication in Fig. 6 that the sense of rota-
tion also changes while crossing the auroral bulge’s western
edge.

A new are brightened at 2105 UT poleward of the
auroral bulge and the auroral bulge region expanded west—
ward. Auroral structures at 2106 UT and isolines of the
amplitudes of the major axes of the Pi2 for the interval
2105—2107 UT are plotted in the lower left panel of Fig. 6.
Unfortunately an unambiguous determination of the loca-
tion of the maximum amplitude region is not possible due
to missing data at the stations ROS and MIE. But there
is a clear change of the sense of rotation of the horizontal
disturbance vector (as compared to the time of the first
intensification) at the stations on profiles 2 and 3 (Fig. 6,
lower right panel). As in the time interval
2102:30—2104200 UT along profile 4 there is now along
profile 2 a clear change of the sense of rotation near the
bright arc. Such a change is not observed along profile
3. It is also evident that during the interval 2105—2107 UT
stations on profiles 3 and 4 show clockwise rotation south
of the aurora.

This may be interpreted as a westward propagation of
the region of clockwise rotation that was observed at the
stations of profile 4 between 2102: 30 and 2104 UT. Accord-
ingly one may regard the spatial distribution of the sense
of rotation of the horizontal disturbance vector as being
fixed in the bulge’s moving frame of reference.

It is not possible to give exact numerical values for confi-
dence intervals for the amplitude and polarization parame-
ters given in Fig. 6. One can only state subjectively, on
the basis of unfiltered magnetograms like in Fig. 1, that
the data from the stations MIK and SOY have the worst,
data from stations KVI, RIJ, KIR, NAT, MUO and VAD
have a moderate degree of confidence and the data from
all other stations are of the type with the highest degree
of confidence as shown in Fig. 1.

15 February 1977

On 15 February 1977 between 2100 and 2130 UT three
consecutive localized auroral activations were observed
over Scandinavia. The first activation was recorded at

2130 UT 2050 2100 2110 2120 2130 UT

2109 UT between MUO and MIE. The second one occurred
at 2119 UT slightly northwest of the first and was followed
by the third activation. Each of these had break-up signa-
tures (Baumjohann et al., 1981) and was accompanied by
a Pi2 train. Figure 7 shows the temporal development of
the A component of the magnetic pulsations (periods less
than 150 s) for this time interval at the stations on the
meridional profiles 1 and 4 of the SMA. Pulsations of a
prominent amplitude are observed only at the stations MIE
and MUO during the first weak break-up. The second and
the third Pi2 trains are seen at all the stations of the SMA.
Distinct auroral structures and isolines of the amplitudes
of the major axes of the horizontal polarization ellipses
of the Pi2 pulsations for the three auroral break-ups are
shown in Fig. 8. As on 11 November 1976, the greatest
Pi2 amplitudes occur in the region where the aurora is
brighest and forms a bulge- or surge-like structure. The
isolines of amplitude are more or less elongated in the longi-
tudinal direction, gradients of the amplitude are more sig—
nificant along meridional profiles. Again, to get some idea
of the degree of confidence for the results in Fig. 8, all
data have bee classified subjectively as belonging to one
of the three cases shown in Fig. 1.

Stations FRE, HAS, AND, EVE, RIT, ROS, KIR,
MUO, BER, VAD and SKO belong to the worst, stations
GLO, KVI, MIK, PIT, MAT, PEL and all stations of
profile 5 to the moderate and all other stations to the case
with a high degree of confidence.

There is a clear change of the sense of rotation along
profile 4 and 5 near the active aurora and the region of
maximum major axis amplitude. No change of the sense
of polarization in the east—west direction is observable
which may be due to the fact that at 2109 : 30 UT the surge—
like structure is very localised and Pi2 pulsations, as far
as they can be recorded by the SMA magnetometers, are
present only at the stations situated near this region.

During the second break-up (around 2120 UT) a clear
change of the sense of rotation in the east-west direction
occurs between profile 4 and 5 near the eastern edge of
the bright aurora forming the surge-like structure (see
middle part of Fig. 8) but well away from the amplitude
maximum at FRE. A meridional change of rotation as ob-
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Fig. 6. Contours of the amplitudes of the main axes of the Pi2 horizontal polarization ellipses and spatial distribution of the sense
of polarization for the time intervals 2102:30—2104 UT (upper part) and 2105—2107 UT (lower part) together with the auroral structures
at 2103 and 2106 UT, respectively. Numbers on the contours give the corresponding amplitude values in nT Circles with one arrow
denote elliptic polarization with the sense of rotation given by the arrow. Two arrowheads indicate that the sense of rotation is ambiguous.
The locations of the SMA stations are indicated by the dots, encircled numbers are profile numbers. The coordinate system in the
upper left corner of each picture shows the directions of the xKI and yK1 axes in the Kiruna system (see Kiippers et al. 1979)

served during the first break-up, and on 11 November 1976,
is not clearly visible. However, there is a change of rotation
between SKA and KUN on profile 5 and most of the coast-
al stations show an ambigous sense of rotation which may
indicate a change. It should be noted that in the middle

part of Fig. 8 the auroral picture at 2119 is shown. One
minute later a bright are (new or poleward expanding) is
seen near the northern coast of Scandinavia (Baumjohann
et al., 1981).

During the third break-up (around 2125 UT) a surge—
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like structure appears at the northern border of the SMA.
Changes of the Pi2 horizontal vector rotation are similar
to those in the previous break-ups, e.g. there are changes
around the region of maximum major axis amplitude.

The equivalent current system associated with the sec-
ond, most prominent break—up appears immediately after
the auroral activation and is very localized (Fig. 9). Numeri-
cal modelling of the real current system based on observa—
tions of magnetic variations and ionospheric electric fields
(Baumjohann et al., 1981) indicate that at 2119 UT highly
localized and intense upward field-aligned currents flow at
the western edge of the active region and less intense and
more wide-spread downward currents flow at the eastern
edge. These field-aligned currents are connected by a west-
ward Cowling current which completes the substorm
current wedge. Figure 10 shows isolines of the Pi2 major
axis amplitude together with the modelled distribution of
field—aligned currents. The greatest Pi2 amplitudes corre-
spond to the maximum in the upward field—aligned current
density. Since the upward field-aligned current was located
at the north-western edge of the SMA it is not possible
to decide clearly whether there are changes of the sense
of rotation around the region of the upward field-aligned
current or, equivalently, the region of maximum major axis
amplitude as has been seen before (Figs. 6 and 8). It may
only be noted that at the station FRE, slightly north-east
of the strong upward field-aligned currents, the sense of
rotation of the horizontal disturbance vector is not clearly
defined, which could indicate a change of rotation just
outside our network. Another interesting feature which
shows the importance of the upward field—aligned currents
for the generation of Pi2 pulsations can be seen in pictures
of the equivalent current system of the Pi2 (Fig. 11). During
the second break~up on 15 February 1977 there is a clear
circular current vortex with its center somewhere at the
western coast of Scandinavia e.g. just in the region where
strong and localized upward field—aligned currents flow (cf.
Fig. 10). At 2118 UT the equivalent current flows counter-
clockwise just as a Hall current associated with an upward

2130 2140 UT

field—aligned current in a uniform ionosphere. About half
a period later at 2119 UT the current flows clockwise and
has again changed its sense of rotation at 2120 UT.

It appears from Figs. 10 and 11 (see also Baumjohann
et al., 1981) that the equivalent current system associated
with the break—up differs substantially from the Pi2 equiva-
lent current system which shows that the Pi2 equivalent
current system is not caused simply by a periodic fluctua-
tion of the whole break-up system.

Discussion

The two most important results of the previous analysis
are the close relationship between the Pi2 equivalent current
system and the location of intense upward flowing field—
aligned currents and the fact that the sense of rotation of
the horizontal polarization ellipse may change in the north-
south as well as in the east-west direction, around the loca-
tion of the active aurora and the amplitude maximum.

Maltsev et a1. (1974) suggested a theory for the genera—
tion of Pi2 pulsations which allows the prediction of polar-
ization parameters observed at the ground. In their model
Maltsev and coworkers assume that during auroral bright-
ening the ionospheric conductivity will be increased. There—
fore, in this region the ionospheric electric field decreases.
The equivalent current system of the generating impulse
is that of a two-dimensional dipole (Maltsev et al., 1974).
The theory further predicts that the field-aligned current
system flows at the periphery of the enhanced conductivity
region. The generating impulse is transferred along magnet-
ic field lines and reflected from the ionosphere of the oppo-
site hemisphere thus forming a standing Alfvén wave. If
the region of enhanced conductivity has a circular form,
polarization will be counterclockwise under that region and
clockwise at some distance away. Therefore it is extremely
difficult to explain the polarization peculiarities found in
the present study using this model alone. The theory of
Maltsev et a1. (1974) has been extended to magnetospheric
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Fig. 9. Contours of the amplitudes of the main axes of the Pi2
horizontal polarization ellipses between 2119 and 2121 UT and
spatial distribution of unfiltered equivalent current vectors con-
structed from the total magnetic field disturbance observed at the
SMA stations on 15 February 1977
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Fig. 10. Contours of the amplitudes of the main axes of the Pi2
horizontal polarization ellipses between 2119 and 2121 UT and
spatial distribution of field-aligned current densities modelled by
Baumjohann et al. (1981)
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sources of the Alfvén-impulse by Mallinckrodt and Carlson
(1978) and Nishida (1979). Nishida (1979) assumes the gen-
eration of a transient dusk-to-dawn electric field from iono-
spheric channelling of the dawn-to-dusk tail current. Once
such an electric impulse has been generated it will be re-
flected at the ionosphere and will bounce between the two
hemispheres. For a detailed comparison with our observa-
tions Nishida’s (1979) model must be extended to three
dimensions.

One may also try to explain the polarization of the
ground-magnetic horizontal vector in terms of the evolution
of the equivalent current system of the rather impulsively
swiched-on substorm current. Bostrom (1972 , 1974) indi-
cated that the three—dimensional current system associated
with auroral break-ups, i.e. the substorm current wedge,
can resonate in the Pi2 frequency range after it has been
switched on. From this model of oscillations of the whole
substorm current wedge one should expect that the location
of the amplitude maximum of the Pi2 pulsations coincides
with the location of the intensity maximum of the unfiltered
equivalent current system. However, the result of our inves-
tigations show that this is not the case (of. Fig. 10 and
Fig. 11). The Pi2 equivalent current system exhibits a clear
circular structure with alternating sense of rotation. Because
the center of the current loop is closely connected to the

location of the upward field-aligned currents one may
regard the electric field generated in the ionosphere by the
periodic fluctuations of the particle precipitation as a radial
electric field. The fluctuating particle precipitation can also
generate a periodic change in the ionospheric conductivity
distribution with gradients in radial directions only. This
means that the equivalent current system observable at the
ground will be due to the ionospheric Hall currents (if there
are not other conductivity gradients perpendicular to the
electric field). The Pedersen currents will close by down-
ward field-aligned currents possibly also radially distributed
around the highly localized upward field-aligned currents.
However, at the beginning of the break-up the oscillating
field-aligned current should increase the total field-aligned
current density while after half a cycle it will decrease the
total density. The high-pass filtered current density there—
fore will show alternating up- and down-flowing currents
which, to a first approximation will generate counter-
clockwise and clockwise flowing Hall currents, respectively.
This is in excellent agreement with our observations. Peri-
odic modulation of the intensity of precipitating electrons
has been reported, for example, by Namgaladze et al. (1967)
and Stuart et a1. (1977).

The observation that the Pi2 current system is closely
connected to the location of the upward field-aligned
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Fig. 12. Two cases of current distributions separated in space and
time producing different polarization features. Upper part: current
vectors associated with circular current systems. Lower part:
current vectors associated with a circular and an elliptic current
distribution. The current centers are indicated by a small circle
or ellipse with a dot. Only the directions of the vectors are given
correctly, not the length. Current vectors at the earlier time are
represented by solid lines; those at the later time are shown by
dashed lines. The right part of the figure shows schematically the
polarization pattern around the center line if during the westward
movement the current strength changes periodically with time

current may also be used to explain partly the observed
polarization characteristics. Assuming as above, that in a
first order approximation the equivalent current system ac-
companied by the oscillating upward field-aligned current
is a Hall current and that the location of this current loop
is fixed relative to our network one would expect linear
polarization to be observed on the ground. But as may
be seen from Baumjohann et al. (1981) the region of the
highly localized field—aligned currents moves rapidly to the
west and also changes its shape. This has an important
influence on the polarization characteristics. Due to the
westward movement of the region of intense upward field-
aligned current and of the associated Pi2 equivalent current
system regions of different sense of rotation will be gener—
ated as may be seen from Fig. 12. To simulate the situation
we have choosen two different cases. In the first one (upper
part of Fig. 12) we consider a circular equivalent current
distribution which moved to the west during the course
of the Pi2 and changes its strength periodically with time.
One can clearly see that north of the current distribution
a clockwise sense of rotation may be observed while to the
south the opposite is the case. This is in good agreement
with the results of Rostoker and Samson (1981) and
Samson (in press 1982) but appears to contradict those of
Kuwashima (1978). For the second case we have chosen
the streamlines of the equivalent currents to have a circular
shape at the beginning of the Pi2. This system moves to
the west and the streamlines change their form to become
of elliptical shape (lower part of Fig. 12). How such current
distributions may be generated depends strongly on the ion-
ospheric electric field and the inhomogeneous ionospheric
conductivity distribution. Now, in this second case, four
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Fig. 13. Schematic View of the generation of odd-mode standing
oscillations in the magnetospheric magnetic field by line-type
upward field-aligned currents. In the right part the magnetic field
generated in the magnetosphere by an upward field-aligned current
in the northern and southern hemisphere is shown schematically
(after Raspopov, 1976)

quadrants with different sense of rotation appear. For
current systems with other than elliptical or circular shapes
the polarization pattern observable on the ground will be
more complicated. In general one may say that a situation
as in the upper part of Fig. 12, i.e. a change of the sense
of polarization along a meridional line, occurs if there is
a westward movement of the current region. This is in good
agreement with the observations shown in Figs. 6 and 8.
The second case is not always possible and depends strongly
the ellipticity of the streamlines and the westward velocity
of the current region. However, a detailed comparision with
the observations requires a more detailed modelling of the
Pi2 equivalent current system.

One has to take into account that a periodic change
of the field-aligned current density (e.g. fluctuation of elec-
tron precipitation) is accompanied by an Alfvén-wave so
that reflection of wave energy will occur at the ionosphere
and the electric field will therefore depend strongly on the
ionospheric conductivity distribution. Due to the fluctua-
tions of the electron precipitation the conductivity distribu-
tion will also change with time (Chao and Heacock, 1980).
Some ideas on the physical processes which might occur
in such a case may be found in Maltsev et al. (1974) or
Mallinckrodt and Carlson (1978). Though we have not as
yet been able to make a more detailed model of the Pi2
current system, we believe that the westward movement
of the region of upward field—aligned current plays an im-
portant role in generating the observed polarization fea-
tures. Samson (in press 1982) points out another possible
mechanism which could generate elliptical polarization on
the ground. He assumes field-aligned current sheets to be
related to the Pi2 and to vary periodically in the azimuthal
direction. Under special conditions it is then possible to
show that the net Hall current in the ionosphere is 900
phase-shifted relative to the net field—aligned current thus
producing phase shifts in the magnetic field observable at
the ground.

Noting the clear connection between the location of the
upward field—aligned currents and the Pi2 equivalent current
system, as found in the present analysis, it may be possible
to explain another important feature of Pi2 pulsations.
Raspopov (1976) pointed out that field-aligned currents as—
sociated with the break-up could generate standing hydro—
magnetic waves in the odd-mode. Figure 13 shows the mag-
netic disturbance transverse to the background field as pro-
duced by field-aligned currents. In the equatorial plane the
transverse magnetic component will be very small, as at
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the node of a standing wave. At two conjugate points in
the northern and southern hemispheres the H—components
will be in phase as Fig. 13 shows. Such a feature coincides
with the oddmode of standing wave in the magnetosphere
and has been observed, for example, by Raspopov et al.
(1967) and Lanzerotti and Fukunishi (1974). Therefore, a
fluctuating field-aligned current as shown in Fig. 13 and
a spatially localised hydromagnetic wave are essentially the
same thing and previous observations of an odd-mode char-
acteristic for Pi2 magnetic pulsations agree with our obser-
vation of a fluctuating field-aligned current.

Summary and Conclusions

From the experimental results presented above the follow-
ing conclusions can be drawn:
— The Pi2 equivalent current system as seen on the ground
is closely connected to the location of intense upward field-
aligned currents.
— The Pi2 equivalent current system is not directly con-
nected to periodic fluctuations of the whole substorm
current system.
— Because an oscillating field-aligned current as shown in
Fig. 13 and a transverse standing wave in the odd-mode
are essentially the same thing, part of our observations (see
above) are supported by the earlier results of Raspopov
et a1. (1967) and Lanzerotti and Fukunishi (1974).
— If the location of the Pi2 equivalent current system, possi-
bly caused by oscillating field—aligned currents, is fixed rela—
tive to the earth one would expect linear polarization. How—
ever, because of the westward motion and changes in the
shape of the field-aligned current region, elliptically polar-
ized horizontal disturbance vectors will be generated on
the ground and the sense of rotation will change in the
north—south as well as in the east-west direction, in agree-
ment with our observations.

As has been discussed above high—pass filtering of the
magnetic data to separate the Pi2 disturbances from the
background variations present some difficulties. Some new
method should be developed to perform this separation in
a more reliable way than has been possible in the present
study.
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University of Trondheim, to which he was attached for
a period of about 15 years. His special interest was crystal—
lography and the applicability of X-rays. In the middle of
the 30’s he turned to mining geophysics. He was the founder
of Geofysisk Malmleting which was later incorporated in
the Norwegian Geological Survey. In the beginning of the
60’s he returned to the Technical University to take up
courses and research in mining geophysics. He obtained
the title of “docent”.

Haakon Brækken was a member of DGG from 1961

Journal of
Geophysics

until, due to bad health, he had to resign. He attended
several of the annual meetings and was very actively
engaged in all the discussions. It was he who took the initia—
tive to establish Geoexploration Associates which publishes
Geoexploration Monographs. Haakon Brækken was co-ed-
itor of the first monograph. Another initiative was the
founding of the Scandinavian Applied Geophysics Group,
which among other things resulted in the journal Geoexplor-
ation, where he served as chief editor for several years.

Mining geophysics has by the passing of Haakon
Brækken lost one of its “old timers”.

Svend Saxov
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Book Reviews

Decker, Robert and Decker, Barbara: Volcanoes. W.H. Freeman
& Co., San Francisco, 244 pp., 1981.

“Volcanoes assail the senses. They are beautiful in repose and
awesome in eruption; they hiss and roar, they smell of brimstone.
Their heat warms, their fires consume; they are the homes of Gods
and Goddesses... This book poses more questions than an-
swers; .. Our book is written for anyone — from student to expert
— who is interested in learning more about how volcanoes work .
The style of our text is informal .. ”

These quotations from the preface fairly well describe what
I felt and thought when reading the book — mostly during a flight
to a famous volcanic island. The book is indeed “highly descrip-
tive”, with scientific explanations, diagrams, etc. only strewn in
here and there. It is nevertheless an interesting book; for the new-
comer to the field it is a lively introduction, the expert may find
it interesting to see how they have done it; with which material;
how selected .. The book is written for the readers of ‘Scientific
American’ in its much esteemed style, in clear simple language,
beautifully illustrated particularly with many good (black and
white) photographs of volcanoes.

After a sketch of plate tectonics, about six chapters describe
specially instructive examples: Surtsey, Krakatau, Hawaii, and
with them the typical settings of volcanoes: spreading ridges (ridge
axes), subduction, mid-plate hot spots. Then follow descriptions
of volcanic products, the forms of volcanic edifices, their roots
(with a little on the earth’s interior), their effects on the atmosphere
and the climate, and how their treasures of energy and mineral
resources can be used. Finally there is a chapter on forecasting
eruptions and volcano research, followed by a short glossary. Three
Appendices, a short Bibliography (of mostly also introductory liter-
ature) and an Index complete the book. Appendix A is a listing
(with brief descriptions) of 101 volcanoes; Appendix B lists
Volcano Information Centers of the World; Appendix C may be
useful to the American public (Metric-English Conversion Table).

In recent years we have learnt a lot about volcanism and rifting
from the current (since 1975) activity of the Krafia volcanic system
in North Iceland. I would have liked to find a better, more accurate
and detailed, account of this process than on the one and a half
pages of this book that has been written also for ‘experts’ For
students, though, and people who just want to get a better insight
into our planet earth, I find the book highly recommendable.

W.R. Jacoby

Recent Crustal Movements, 1979, edited by P. Vyskocil, R. Green,
H. Malzer. Elsevier Scientific Publishing Company, Amsterdam
Oxford New York, 1981.

This volume is the special issue of Tectonophysics, Vol. 71 (1981),
which contains the Proceedings of the IUGG Interdisciplinary
Symposium No.9 on “Recent Crustal Movements” held during

Journal of
Geophysics

the XVII. IUGG General Assembly in Canberra, Australia, in
December 1979.

Included are 23 papers and one abstract of a paper presented
during the Symposium as well as 14 registered but not presented
abstracts of papers.

The contributions are arranged according to the following
topics:

(1) Instruments and methods for the measurement and/or deter-
mination of recent crustal movements (4 contributions)

(2) Recent crustal movements of tectonic or human origin in
different regions (14 contributions)

(3) Recent crustal movements and their connections to seismi-
city and volcanism (8 contributions)

(4) Interpretation of recent crustal movements and crustal struc-
ture with the assistence of other geophysical data (7 contributions)

(5) Methods of evaluating recent crustal movements (5 contri-
butions).

This volume contains a wide span of topics covering the experi-
mental work, mathematical methods for data analysis as well as
results and geoscientific interpretation. Thus the reader gets a very
good overview on the present activities under the different discip-
lines, the results for specific areas, and the future developments
being soon available. The contributions are mostly research papers
containing also respective references which enable further detailed
reading.

This volume shows the importance of space techniques and the
possibilities of their application to determine large-scale move—
ments of tectonic plates. But also the well known terrestrial meth—
ods are still developing, and therefore new results of vertical crustal
movements investigations especially in Europe and Canada are
presented. In addition to repeated geodetic measurements the per-
manent recording of crustal movements such as gravity, tilt and
strain is becoming more and more useful for expanding our knowl-
edge of the results and the mechanisms of recent crustal deforma-
tions.

Gerhard Jentzsch

Torge, W.: Geodesy, an Introduction. — De Gruyter, Berlin New
York 253 S., 1980.

This textbook appeared first in German language in 1975. On the
occasion of the translation a thorough revision was undertaken
and new paragraphes were added esp. with regard to space tech-
niques in Geodesy.

The book starts with a definition and classification of geodesy,
and gives a short historical development of various earth models
as well as the development of national an international organisa-
tions and collaborations in geodetic surveying and global geodesy.

The second part is dedicated to the gravity field of the earth.
Here, in addition to all field components also basic properties of
the potential and its spherical harmonic expansion are given, and
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special attention is paid to the definition and properties of level
surfaces.

Of special importance is the third part reviewing the geodetic
reference systems. Here the problem of the earth-fixed fundamental
coordinate system and the polar motion is brought up. Global
and local astronomic systems as well as the different level surfaces
are briefly discussed.

Parts two and three cover nearly half of the contents of the
book and are dealing with methods of measurement in geodesy
and global geodesy. Here all methods are presented, from astro-
nomical and gravity measurements to terrestrial and satellite obser-
vations. Although the classical methods are completely described
special attention is given to new developments and results in space
techniques.

Under global geodesy not only astrogeodetic methods and satel-
lite geodesy are treated but also more geophysical applications
such as gravity anomalies and reduction as well as structure and
dynamics of the earth’s body. The book ends with a paragraph
on geodetic surveying.

The author only claims to give “an introduction”, but never-
theless this book covers all geodetic and related disciplines. Al-
though it was not possible to include complete mathematical dis-
cussions the formulae given are well explained. Of special value
is the bibliography, where in addition to textbooks, manuals and
technical dictionaries on geodesy and neighbouring fields also indi—
vidual publications are cited; newest references are added.

This textbook is orientated to graduate students of geodesy. But
providing a systematic overview it can also serve as a text for
scientists working in neighbouring fields.

Gerhard Jentzsch

Illies, J.H. (editor), Mechanism of Graben Formation, Developments
of Geotectonics l7, Reprinted from Tectonophysics, Elsevier Pub-
lishing Company, Amsterdam Oxford New York, 1981

Continental rifting is an important element of the Wilson cycle
of plate tectonics. It precedes continental breakup and the opening
of a newly formed ocean. In a sense, grabens are the surface mani-
festation of continental rifting. To tectonophysisists and geologists
alike rifting and graben formation is a most interesting problem.
In an effort to better understand these processes the ICG working
group 7 (Geodynamics of Plate Interiors) held a symposium during
the XVIIth IUGG General Assembly in Canberra in 1979. In 1981
Tectonophysics published a special volume (volume 73 No. 1—3)
containing seven papers presented to the Canberra meeting togeth-
er with eleven additional papers on the subject. The book reviewed
here is a reprint of that Tectonophysics volume. Specialists from
all over the world have contributed to the volume but most of
the authors are from the Federal Republic of Germany and most
of the discussion is centered around the Rheingraben and the Rhein
Rift system. There is also a good deal of discussion on continental
rifting in general, however, as well as on paleorifts. Modern conti-
nental rift systems other than the Rhein Rift treated include the
Baikal Rift and the Rio Grande Rift.

The book is organized into six parts. The first section is entitled
“Modelling Graben formation” and in addition to some general
discussion contains Finite Element models of the Rio Grande Rift
and the Rhein Rift, a useful summary of geological observables
from contemporary continental rifts, and a description of a clay
model of rift formation in Central Europe. The consensus is that
continental rifting can be caused by mantle diapirs. The grabens
then form as a consequence of updoming of the crust and the
thinned lithosphere. Geophysical data on the Rhein Rift and the
Baikal Rift are given in the second section. Geodynamical interpre-
tation of the data suggests that the Baikal Rift can be explained
by asthenospheric intrusions while for the Rhein Rift continent-
continent collision in the Alpine-Meditarranean zone is essential.
The third section contains assesments of the present and Jurassic

to Triassic stress fields around the Rheingraben, data on height
changes in its central segment and adjacent shoulders, reservoir
temperatures from hot spring waters, and a model of hydrothermal
convection in the Rheingraben. Contributions from geologists on
active and extinct rifts make up the next two sections. Graben
formation around the Maltese islands and two phases of magmat-
ism in Eastern Egypt are described. The section on extinct rifts
contains a discussion of Precambrian greenstone belts which are
thought to witness Precambrian continental rifting and a paper
that outlines the problem of the origin and tectonic developments
of aulacogens. The book ends with an epilogue by the editor in
which he describes typical features of continental rift structures
and their evolution using the Rhein Rift as an example.

The book’s contents thus cover a wide range of topics and
should be of interest to both geologists and tectonophysicists.
The discussion is of a high and advanced standard and is edited
by a leading expert in the field. The lay-out and printing is of
Tectonophysics quality. The book makes a fine addition to the
series Developments in Geotectonics.

T. Spohn

Buntebarth, G. Geothermie: Eine Einführung in die allgemeine und
angewandte Wärmelehre des Erdkörpers, Hochschultext, 1980.
64 figures, 11 tables IX, 156 pages. Paperback. DM 24,—; US S
approx 14.20. Springer, Berlin Heidelberg New York, ISBN 3—540-
10423-2.

This book is intended to provide the german reading student an
introduction to the pure and applied theory of the Earth’s heat.
The field of geothermics is vast and it is rapidly advancing. There-
fore, any short presentation has to be selective. Also, the student
has to be aware of a relatively rapid obsolesence of data and theo-
ries. The author of this book concentrates on near surface processes
and the theory of heat conduction. Heat transfer by convection
is only treated in passing. This, obiously, creates problems for
a discussion on the thermal state of the Earth’s interior. After
all, convection is the most important heat transfer mechanism in
the Earth’s mantle and core. Even for crustal geothermal systems
heat transfer by convection is very important. For example, it may
be more important than conductive heat transfer for cooling a
magmatic intrusion.

The book starts with an introduction to the basic concepts
of the theory of heat conduction. The second chapter deals with
the thermal properties of rocks. The temperature and pressure de—
pendence of the thermal conductivity and heat capacity are dis-
cussed and approximate formulas for the thermal conductivity of
porous media are given. Also, some radioactive heat production
rates per unit volume are listed and a method to estimate crustal
heat production rates from seismic and gravity data is introduced.
Some analytical solutions to the heat conduction equation subject
to boundary conditions which are relevant to geological modelling
are given in chapter 3. Chapter4 is intended as a discussion of
the thermal state of the Earth’s interior. Still, most of it deals
with the crust. Unfortunately, many pertinent and timely references
on the surface heat flow, mantle convection, the geotherm, and
the core’s thermal state are missing. I also found the section on
the thermal aspects of plate tectonics confusing. Chapter 5 intro-
duces the reader to various geophysical and petrological methods
of geothermometry. It also discusses some of the problems in-
volved. The last chapter, chapter 6, deals with geothermal energy.
Various methods for prospecting are described and the chapter
includes a nice section on how to use this energy source.

To comprise the wide field of pure and applied geothermics
into a book of some 150 pages is a formidable task and the result
has to leave some specialists unsatisfied. The student will find the
parts on geothermal energy, temperature measurements and con-
duction theory useful and welcome. He or she should turn else-
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where for an introduction to the thermal aspects of geodynamics
and to the thermal physics of the Earth’s interior

T. Spohn

H.P. Patra, K. Mallik: Geosounding Principles, 2 - Time-varying
Geoelectric Soundings

Das Buch handelt eine Fülle von verschiedenen Meßanordnungen
bei verschiedenen Modellen des Untergrundes sowohl für die aktive
als auch für die passive Magnetotellurik theoretisch ab und zeigt
die Methoden der Interpretation und der Inversion auf. Zahlreiche
graphische Darstellungen geben für die Auswertepraxis eine wert-
volle Grundlage. So bietet dieses Werk dem Fachmann eine reiche
„Fundgrube“, wenn auch eine genauere Behandlung der heute in
der passiven Magnetotellurik aktuellen „remote reference“ — Me-
thode fehlt.

Unglücklich erscheint, daß in der Fülle des zusammengetrage-
nen Materials die Übersicht verloren geht. Dies mag daran liegen,
daß die Gliederung des Buches mehr an den Methoden der prak—
tischen Anwendung orientiert ist und weniger an einer organischen
Entwicklung der Theorie. Deshalb eignet sich das Buch nicht so
sehr als Lehrbuch, sondern mehr als Nachschlagewerk für den
praktisch arbeitenden Geophysiker.

L. Engelhard

K. Aki, P.G. Richards: Quantitative Seismology, Theory and Me-
thods Volume I and II.

Mit den beiden Bänden dieses Buches liegt nun ein hervorragend
konzipiertes und außerordentlich „benutzerfreundliches“ Kompen-
dium der Theorie der seismischen Wellenausbreitung sowie der
Theorie der seismischen Auswertemethoden vor. Der Inhalt umfaßt
sowohl die mehr für den Erdbeben-Seismologen wichtigen Frage-
stellungen als auch diejenigen, die mehr den Seismiker im Bereich
der Angewandten Geophysik interessieren.

Die Darstellung selbst ist hervorragend Der Text ist klar und
ausführlich, nicht nur als Erläuterung der Formeln und Herleitun-
gen, sondern er enthält auch die kritische Bewertung der entwickel-
ten Zusammenhänge und zeigt die Grenzen der Anwendbarkeit
der einen oder anderen Methode auf. Ebenso hervorragend ge-
glückt ist die Schreibweise der Formeln selbst, die — da sie weitge-
hend explizit ausgeführt sind — leicht zu überschauen sind, dies,
obwohl Herleitungen und Entwicklungen recht „kompakt“ formu—
liert werden durch eine klare Symbolik (z.B. für Vektoren, Matri-
zen, Tensoren, Funktionale), wie sie in der theoretischen Physik
allgemein üblich ist. In den Text eingeschoben finden sich daneben
zahlreiche, in sich abgeschlossene, im Sinne einer Übersichtsdar-
stellung abgefaßte Text-Tafeln, die sich auf ein Thema aus dem
fortlaufenden Text beziehen, es von allgemeinerer Warte betrach—
ten und ggf. Beziehung zu anderen Kapiteln des Buches herstellen,
manchmal auch besonders wichtige Ergebnisse des betreffenden
Abschnitts zusammenfassen. Somit eignet sich das Buch besonders
gut für das wissenschaftliche Arbeiten, bei dem man oftmals nur
das eine oder andere Kapitel benötigt, ohne gleich das gesamte
Buch deshalb durcharbeiten zu müssen.

Daß sich das Buch aber genauso gut für das systematische Stu-
dium der gesamten Seismologie von den Grundlagen an bis zu
den neuesten Problemkreisen hin hervorragend eignet, braucht —
nach den oben aufgezeigten Qualitäten — kaum noch erwähnt wer-
den. Jedes Kapitel schließt mit einer kurzen Zusammenstellung
weiterführender Literatur und einigen Übungsaufgaben ab.

Aus dem ausführlich gestalteten Inhaltsverzeichnis seien einige
Abschnitte an dieser Stelle besonders herausgegriffen: Darstellung
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der elastischen Grundgleichungen auch in krummlinigen Koordi-
naten, Wellenausbreitung in anisotropen Medien, Wellenausbrei-
tung in Medien mit Absorption, Absorptions-Dispersions-Rela—
tion, Propagator für Oberflächenwellen, Medien mit tiefenabhängi-
gen elastischen Eigenschaften (Strahlentheorie, Reflektivitätsme-
thode), Theorie der Inversion (Maximum-Likelihood-, stochasti-
sche-, Backus—Gilbert-Methode), ray—tracing, — um nur einiges zu
nennen.

Diese beiden Bände können ohne jede Einschränkung als ein
Standardwerk der Seismologie bezeichnet werden.

L. Engelhard

F. Press, R. Siever: Earth. 3rd edition, 1982 (2nd ed., 1978, 1”l ed,
1974). San Francisco. Freeman & Company. 613 pp, 641 illustra-
tions. US $24.95.

Das Erscheinen der dritten Auflage von Press ’und Sievers’ „Earth“
innerhalb von 8 Jahren zeigt sicherlich den Erfolg dieser Einfüh-
rung in die Erdwissenschaften an. Alle Kapitel wurden überarbei-
tet, verglichen mit den früheren Auflagen fallen aber nur wenige
Änderungen auf. Neu aufgenommen wurden z.B. die Ergebnisse
der Raumsonden zu den äußeren Planeten. Das Buch gliedert sich
inhaltlich in 3 Hauptteile. Der erste bildet in mancher Hinsicht
eine Kurzfassung des Buches, die einen generellen Überblick ver-
mittelt. Hier wird vieles vorweggenommen, was später detaillierter
und vertieft dargestellt wird. Gemäß dem statement der Autoren
„in a real sense internal heat of the earth builds mountains and
external heat of the sun destroys them“ zerfällt der Rest des Buches
in zwei Teile. Zunächst werden die zerstörerischen Kräfte, die die
Erdoberfläche formen, behandelt. Erosion, Kreislauf des Wassers,
Gletscher, Sedimentation, usw. Abgeschlossen wird dieser Teil
durch ein Kapitel „Earth and Life“ Im dritten Hauptteil geht
es um die internen Prozesse: Erdwärme, Schwere und Magnetis-
mus, Seismologie und Aufbau des Erdkörpers, Petrologie, Platten-
tektonik. Zum Schluß findet man ein Kapitel über die übrigen
Planeten und eines über Bodenschätze und Energieressourcen.

Für eine von Geologen verfaßte Einführung in die Geowissen-
schaften findet sich erfreulich viel Bezug zu den Nachbarwissen-
schaften der Geologie, hauptsächlich Geophysik und Mineralogie.
Das Buch will als elementare Einführung weniger in die Tiefe ge—
hen, dafür wird aber eine erstaunliche Breite erreicht, so daß es
dem so einfach-anspruchsvollen Titel „Earth“ gerecht wird. Prak—
tisch alle Aspekte, die die feste Erde betreffen, werden abgehandelt.
Man findet z.B. etwas über die Bildung des Planetensystems, über
Mantelkonvektion, über CO2 und Klima, Rohstoffresourcen, über
die wissenschaftlichen Methoden mit denen in den Geowissenschaf—
ten Erkenntnisse gewonnen wurden, aber auch historische Be-
richte über Vulkanausbrüche — um die Weite des Spektrums zu
demonstrieren. Eine gewisse Klammer bildet das Konzept der Plat-
tentektonik, das bereits am Anfang kurz dargestellt wird, auf das
später immer wieder Bezug genommen wird, und das später noch
einmal detailliert im Ganzen dargestellt wird. Daneben werden aber
auch die traditionellen Disziplinen (Strukturgeologie, Geomorpho-
logie) nicht vernachlässigt.

Das Buch richtet sich hauptsächlich an den vollständigen An-
fänger Entsprechend gering sind die mathematisch—naturwissen-
schaftlichen Vorkenntnisse, die benötigt werden (nämlich fast
keine). Einfache physikalische Zusammenhänge (Natur der
Wärme, radioaktiver Zerfall) werden im Text oder in Einschüben
erklärt. Auch die benutzte geologische Terminologie wird auf ein
notwendiges Minimum beschränkt. Didaktisch ist das Buch gut
aufgebaut. Der Stoff wird oftmals wiederholt, vertieft, noch einmal
unter anderem Aspekt dargestellt. Der Stil ist abwechslungsreich,
eingestreute Anektoden, eingängliche Beispiele aus der „Küchen-
physik“ und die sehr zahlreichen Illustrationen tragen sehr zum
Verständnis und zur Auflockerung bei. Jedem Kapitel angehängt
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ist eine einprägsame Zusammenfassung, Übungs- und Kontrollfra-
gen, sowie vertiefende Bibliographie (oft Scientific-American-Arti-
kel). Die meisten Kapitel bilden eine selbstständige Einheit und
können ohne Verständnisschwierigkeiten isoliert gelesen werden.

Am Buch zu kritisieren ist hauptsächlich, daß beim Bemühen
um eine umfassende Breite hin und wieder die Sorgfalt im Detail
verloren gegangen ist. So stört man sich z.B. daran, daß die ge—
zeigte Schmelztemperaturkurve an der Kern-Mantel-Grenze keine
Diskontinuität aufweist und daher der Schnittpunkt mit der Geo—
thermen dort als reiner Zufall erscheint. An anderer Stelle wird
in einer Fußnote das Märchen verbreitet, daß die heute gefundene
Abweichung in der Orientierung der Cheopspyramide von der
Nordrichtung eine Folge der Rotation der afrikanischen Platte seit

dem Bau sei. Insgesamt scheinen diese Fehler aber nicht so zahl-
reich zu sein, daß sie dem Buch wesentlichen Abbruch bereiten.

Wer kann dieses Buch benutzen? Gedacht ist es für Studienan—
fänger (die sich nicht notwendigerweise später in einer geowissen—
schaftlichen Disziplin spezialisieren). Für sie und auch für interes-
sierte Laien ist es sicherlich sehr gut geeignet, im nicht-englischen
Sprachbereich mag dem aber oft ein Mangel an Sprachkenntnissen
entgegenstehen. Daneben bietet das Buch aber auch Geophysikern
und fortgeschrittenen Studenten, deren Vorbildung auf mathema-
tisch—physikalischem Gebiet liegt, die Möglichkeit sich auf eine an-
genehme Weise Einblick in die Nachbarwissenschaften Geologie
und Mineralogie zu verschaffen.

U. Christensen
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