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Original Investigations

Journal of
Geophysics

The Analysis of Simultaneous Observations of Nighttime Pi Pulsations
on an East-West Profile

L.N. Baranskiy1‚ V.A. Troitskayal, I.V. Sterlikovafl M.B. Gokhberg1‚ N.A. Ivanovz, I.P. Khartchenko3,
J.W. Münch 4, and K. Wilhelm5
1 Institute of the Physics of the Earth, Academy of Sciences, Moscow, USSR
2 Geophysical Institute of the Ural Scientifio Centre, Sverdlovsk, USSR
3 Siberian Institute of Terrestrial Magnetism, Academy of Sciences, Irkutsk, USSR
4 University of Siegen, D-5900 Siegen 21, Ferderal Republic of Germany
5 Max-Planck—Institut für Aeronomie, D-3411 Katlenburg-Lindau 3,
Federal Republic of Germany

Abstract. Magnetic pulsations of the types Pil and Pi 2 were
observed on a profile consisting of five stations between Lindau
and Novosibirsk (87.5 to 155.0 deg geomagnetic longitude and
49.7 to 54.0 deg geomagnetic latitude). The Pi events were analysed
with respeot to their propagation charaeteristics. The frequency-
time analysis demonstrated that individual Pi pulsation events
attained their highest frequencies near local magnetic midnight.
In addition, it was found that the east-west component of the
horizontal disturbance veotor exhibited a larger frequency shift
than the north-south component. The phase variations observed
were indicative of a propagation along the profile. The polarization
of the pulsations generally was elliptical with a left-hand rotation
of the disturbance veotor and local time dependent direction of
the major axis. A11 findings support the conclusion that the propa-
gation of the two components is governed by different oonditions.
The phase velocities of the events ranged from 100 to 500 km/s.

Key words: Magnetic Pi pulsations —- Hydromagnetic wave propa-
gation.

l. Introduction

Irregular geomagnetic pulsations of the type Pi are known to
oceur in close relation to magnetospheric substorm onsets. They
predominantly are night-time phenomena and exhibit a pro-
nounced/latitudinal dependenoe of their amplitude variations with
an absolute maximum near the auroral zone and a relative maxi-
mum near the plasmapause location. On the basis of this evidence,
it was concluded that the primary excitation process is operating
on auroral magnetic field lines and that the plasma density gradient
at the plasmapause gives rise to a secondary resonanee effect
(Jacobs, 1970; Kuwashima, 1978). The observations on the polar-
isation properties of the Pi pulsations are by far more oontroversial
than those on the amplitude charaeteristics. It is likely that phase
reversals across boundary lines in longitude and in latitude, such
as the auroral zone or the plasmapause, substantially complioate
the issue, as the interpretation of a given measurement depends
on the aocurate spatial determination of the appropriate boundary
with respect to the observation site. A detailed deseription of

the properties of Pi 2 pulsations and the corresponding theoretioal
interpretations was recently given by Kuwashima (1978) supported
by a compilation of the relevant literature.

In order to further the understanding of mid-latitude Pi pulsa-
tions and their propagation charaeteristics, an observational pro-
gramme was performed at five sites with geomagnetic latitudes
between 49.8 and 54.0 deg and geomagnetic longitudes reaching
from 87.5 to 155.0 deg. The corresponding McIlwain parameters
L were smaller than 2.9. Consequently, all stations were located
south of the plasmapause for magnetically quiet and moderately
disturbed time intervals, thus eliminating any complioations by
the expeeted polarisation reversals across this boundary.

2. Methods of Observation and Data Analysis

The observations used in this study were made by compensation-
type pulsation magnetometers described elsewhere (Wilhelm,
1966; Wilhelm et a1.‚ 1977). In summary, both pulsations and
variations of the geomagnetic field were recorded in both compo-
nents H and D of the horizontal disturbance vector. The amplitude
and phase response ourves of all recording systems as a function
of the pulsation period were nearly identioal, Showing 3-dB points
at periods of 1 and 150 s.

Data were recorded both on paper charts and digital magnetic
tapes. Special features of the magnetic tape recordings were sam-
pling times of 0.4 and 3.2 s for pulsation and variation channels,
respectively, and a resolution of the digitization of 0.03 nT in
the frequency range corresponding to the plateau of the response
funotion. Internal crystal clocks and frequent comparisons with
radio time Signals maintained a very good time aoourancy at the
widely separated stations. The time adjustments required typically
were of the order of 40 ms and never exceeded 100 ms giving
an indication of the synohronism achieved.

Five identioal instruments were operated on a profile reaching
from Lindau, FRG, to Novosibirsk, USSR. The stations and their
geomagnetic coordinates are listed in Table 1.

The experiment was conducted from August l—October 25
1974 as a joint venture of the Max-Planck-Institut für Aeronomie
and the Institute of the Physics of the Earth. A more detailed
description of the project was given by Münch et a1. (1975) and
first results were published by Troitskaya et a1. (1976a and b).

0340-062X/80/OO48/0001/SOl.20



Table 1. List of stations

Statien Nemen- Geo- Geo- L-para- Loeal
elature magnetie magnetic meter magnetic

latitude, longitude, time at
deg deg 00:00

Lindau LIN 49.8 87.5 2.40 02:00
Kaliningrad KNG 52.1 98 .0 2.65 02:42
Berek BOR 54.0 114.0 2.89 03:48
Sverdlovsk SVE 52.5 135.5 2.70 05: 12
Nevesibirsk NOV 49.7 155.0 2.39 06:30

The pulsatien reeerdings of the H and D components designat-
ed in this paper by PH and PD, respeetively, stored on magnetie
tape in a digital data fermat were proeessed using a eornputer
pregramme by Grusdeva et a1. (1974), whieh earried out an analy-
sis ef the speetral contents nf the pulsatien signals with respect
t0 time. The prineiple of the mathematical formalism can be sum-
marized as fellnws:

Let U( 1') dennte the time dependent signal of the pulsation
aetivity, an estimate Üf the speetrum nf the signal 5(m) as a fune-
tien uf the angular frequeney averaged ever a tirne interval r
ean then be ubtained by

T

s(cn):[ U(I9)exp(—iw.9)d.9. (l)
Ü

The interval r has t0 be ehesen in aeenrdance with the aceuraey
ef the estimale and the time resolution required. Using narrow—
band filters. the time dependent ehange of the speetrum can be
eamputed by

Y(r,cu„)=%? U [1(51) exp{—iw3)d9]
n o

-exp[iwt—a:(w—w„)2/wf] dm (2)

18

with discrete values of v: l N, where an. is the eentral frequeney
of the v-th filter. The faetor o: determines the slepe uf the filter
response eurve. In the ealeulatinn presented here, a: and N were
ehosen t0 be equal t0 25 and 30, respeetively. Diserete time series
ef the PH and PD components and üf the horizontal magnetie
disturbanee P=(Pfi +Pä)1/2 were separately treated aeeerding te
Eq. (2). The magnitude r=l Y(z.cu„)| of 115.00?) selely depends an
the amplitude of the filtered signal and, similarly, the argument
ef 171,001.) is related t0 the phase (p. The quantities rpH, rpD and
rp as well as eH and CPPD were thus nbtained, by whieh the
pulsation aetivity could be eharaelerized. In addition, the phase
differenee (‚opH—qopo is of interest fer a comparisen ef the heriznntal
components. The magnitudes r were plutted in (r, D—planes with
a time resnlution eorresponding t0 r=6.4 s. The pulsatiun periud
T instead ef the frequeney was used here für reasens uf simplieity.
In these plots, eontour lines ef eenstant pulsation aetivit}r eeuld
be drawn thus delineating wave paekets efthe Pi pulsatiens. Further-
rnere, the largest amplitude für eaeh individual frequeney band
eould be determined.

3. Observations and Results uf the Data Analysis

Twe examples of the dynamie Speetra ef Pi events reeerded simul-
taneeusly at all five stations have been cempiled in Figs. 1 and
2. IHSpeetion of auroral zene magnetegrams shewed that the eentre
of the substnrm aetivity related t0 Fig. 1 was lüeated near nerthern
Seandinavia (geomagn. lang. 120 deg) starting at 18:45 UT. The
amplitude signal ef the pulsatien aetivity betvveen 18:45 and
18:46 UT was largest at Bernk. The event in Fig. 2 resulted frurn
a substerrn of more than 500 nT negative depression in the H
compunent over Ieeland and Greenland. In addition, four ether
cases of simultaneous Pi events were analysed that eould elearlv
be identified at all ebservation sites in the time interval frem
Oetober 18—22, 1974. In Fig. 3 snme ef these events are depieted
as funetiens of time. The twe features that are most apparent
from Figs. l and 2 are the different positians nf the wave packets
in the (I‚T)-d0main für different statinns and the displaeement
between the PH and PD enrnpunents relative t0 eaeh ether. In

ÜC’I 1974
30 - LlN KNG BOR SVE

In

I—‘HII

"U
O 35 - _ i

7: 5‘: ||I

CL ä I z: l=I I
C l'Il-Ü' —:': : :r'

|.

O i' :I :- ’ w
'—

.4 '-.
E 7': 5: 5,: PD———
2 #5 _

i“
IMEILWI'LH

F) .........
j

kfli‘ljhjC“ I "' I I I I I 4_ _|_ I I I I I I ._
1845 1846 1847 1846 1847 1846 1847 1846 1847 1846 1847

Universal lime
Fig. 1. Dynamie speetra ef a Pi pulsation event on Oetober 18. 1974 at 18:46 UT. Amplitude contours ef the pulsatinn eempenents
(für details see text) are given in a universal timenpulsatinn periüd eonordinate systern tagether vvith the leeatinn ef the amplitude
maxima



18 0c1 1971+
_ 1 11" — „. — —20 y, L1N KNG

1.5 x51; tm 12 1*N i:
I— 1: I:

25 - i. t -“ ——‘ -- _-
U 11': l

.9 ‘i
ä
|1 30 * 1; ** -- *“ „._

1:
C 15
52

35
4—-IE P

4— * z: : “ . — .__ “ “
Cj ‘Efl E f:

H
+f{i.” Ei: 1.-" 0—" I:I 1,0 — z 1; —_ f:- p ......... _n 2_ fi_ J.

0.. 1: l: '‘ :_ {z . . '
1+5 11: I 2.1 I11: 1.-7. I |5 ‚1'!

2200 2201 2200 2201 2200 2201 2200 2201 2200 2201

Unlversal flme
Fig. 2. Dynamie speetra nf a pulsatinn event ÜII Qetober 18, 1974 at 22:00 UT

1740H”
19741018

1.e K145 851R 5:11: N911WM F 3
H-LIN c 20 Dc’r 19711

E a; 2— 1850UT
0—21
H-KNGMWMWWW

g 1 ‚HEE _.._ - ‚w ‚e;-

ä H-BÜRWMWMM
ä 0 25"? Midnighf‘

z „-31, g 180c+1974 'PH
E W 3" 2200m „pnH—mw

ä 2‘WHWW 'E
_“3 1’

Ü-KNG

n-eeRMMWMWW
ÜHSV

Eiweiß—WM“
IÜ

NHNÜTESLH

Fig. 3. Amplitude-time displays nf Pi pnlsatinn events in both
the H and D enmpnnents as observed at the five observational
Sites. The arrnws peint in the positive direetion and have a length
cerresponding t0 lÜ nT. The time Span shnwn is 20 min Starting
at 11'240 UT nn Oetüber 18, 1924

partieular, there is a tendeney towards a shift of the position
üf the wave packets t0 lenger perinds with inereasing distance
frnm magnetie midnight. Beginning at statiens near loeal magnetie
midnight where the positions of the wave packets ef the PH and
PD enmpenents almost Cüiflüidfi, this shift 01" the main period
Üf the Pi pulsatiüns inereases with distanee from the midnight
meridian and i5 significantly strenger für the PD than für the
PH enmpnnent, eausing the large displaeement of the wave packets
in the (t,T)-dnmain nf the PH relative t0 the PH enmpnnent at
stations lüeated sufiieiently far früm the magnetie midnight meri-
dian.

90 110 13'0 1.10
Geomngnefic longi’rude,deg

Fig. 4. Mean peak pulsatien amplitude of twn Pi events es a
funetion nf geomagnetie longitude

In order t0 establish the distribution of the intensity of a
Pi event along the prefile the follüwing methed was applied:
For eaeh event, an area in the (I‚D-plane was defined that enntain-
ed the peak values of the amplitudes al; all five stations. Over
this area, the average amplitude values were then ealeulated für
different stations. The amplitude informatiün thus obtained could
directly be used in eomparing the different nbservatiün pnints.
This was Clone in Fig. 4, Showing two examples üf the distributiün
of the average amplitude peaks of the quantities PH, PD, 3nd
P along the profile. The maxima of these distributinns exhibit
a weak tendeney t0 follow loeal magnetie midnight. In additiün,
it eould be notieed in these and ether exemples net subjeet te
the restriction made in this paper of simultanenus oeeurrenee at
all five stations that Bomk normally Showed the largest amplituw
des. This seems to refleet the faet that the statiens were net pre-
Cisely loeated along a eonstant latitude profile but {hat the eentral
stations lay at higher latitudes (see Table 1). Taking inte accnunt
the inerease of Pi 2 amplitudes with inereasing latitude ef typieally
0.2—0.9 nT/degree (Baranskiy et 31., 1924), whieh is a large gradient
as compared t0 the weak longitudinal dependenee, we ean presume
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Local magnefic time, h

that the Pi amplitudes at the stations BOR, KNG, and SVE are
usually larger than those at the stations LIN and NOV mainly
because of their geomagnetic location.

In order to investigate the shape of the Pi waves and their
variations in space along the chain of stations oonsidered here,
it was necessary to study the phase relations of the PH and PD
components. For each individual wave packet the phase relation-
ship turned out to be rather stable. This allowed the determination
of the average phase values at all stations. For two pulsation
events the resulting phase curves as a function of local magnetic
time are given in Fig. 5.

Also indioated in this figure are the polarisation ellipses for
each station. When assessing the phase dependenoe of Pi pulsations
on local time, it should be remembered that the phase of sinusoidal
waves propagating in one direction along the profile would linearly
change in this direction. It can be seen that this ideal case is
only a very crude approximation for some portions of the propaga-
tion path. The observed nonlinear changes of the phases point
to more complicated wave structures and changes or even reversals
of the phase velocity. The polarisation ellipses support earlier
investigations (Baranskiy et al.‚ 1970; Björnsson et al.‚ 197l) that
Pi 2 pulsations are characterized by a dominant left—hand rotation
of the disturbanoe vector in the horizontal plane and the change
of the sign of the orientation angle 6 around midnight. In order
to reveal some of the statistical properties of Pi pulsation events,
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the information obtained for all events studied here have been
compiled in Fig. 6 as a function of local magnetic time. An impor-
tant parameter is the phase difference between pairs of stations.
It was taken positive when the phase angle of the signal at the
eastern station was greater than that at the western station. The
resulting phase difference could only be determined modulo 7:
and was selected to lie between in. Any ambiguity could be
excluded by the assumption that the change of the phase along
the profile of stations was continuous. The azimuthal wave number
m could then be defined by mqJ/AÄ where Ago is the difference
of the phase of the signal at two neighbouring stations and A2
is the difference of their longitudes. The scatter plots of m exhibit
little systematic behaviour both for the H (Fig. 6a) and D (Fig. 6b)
component. Most of the values are positive and seem to have
a tendency to change sign around midnight for both oomponents.
Should this indication be supported by further investigations, it
would mean that the phase velocity of the PH signal is directed
towards local magnetic midnight whereas the PD signal is directed
away from it.

The dependenoe of the phase differenoe between the PH and
PD Signals on the local magnetic time is displayed in Fig. 60.
This difference characterizes the direction of the rotation of the
disturbance vector of the pulsations in the horizontal plane. A
right-hand rotation will lead to positive values of qJPH—qJPD and
a left-hand rotation correspondingly results in negative values.
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as a function of the pulsation period

It follows that the rotation of the horizontal vector of Pi pulsations
is predominantly negative in the 21:00 to 04:00 local magnetic
time interval and positive both before and after this interval.

Finally, the dependence of the angle of the major axis of the
polarisation ellipses with the north direction on local magnetic
time is presented in Fig. 6d. The angle is positive, if the axis
of the ellipse is pointing into the north—east quadrant and negative,
if it is deflected to the west. The scatter diagram does not indicate
a clear local time dependence. However, the mean local times
of the positive and negative Clusters have significantly different
values of 22.3 and 0.6 LMT, respectively, confirming earlier find-
ings of Baranskiy et a1. (1970) that a change of the sign of the
angle 0 in the vicinity of the midnight meridian is a common
i‘eature for Pi pulsation events.

Figure 7 summarizes the findings on the phase relationships
of Pi pulsations in mid-latitudes by presenting the phase velocities
separately both for the H and D components. A decrease of the
phase velocity with increasing pulsation period seems to be indi-
cated at least for the D-component.

4. Discussion

Observations of Pi pulsations along a latitudinal profile extending
„wer 60 deg in longitude were carried out for the first time. Of

special interest is the value and the direction of the Pi phase
velocity. The figures obtained are in good agreement with calcula-
tions of the azimuthal wave number by Lanzerotti and Fukunishi
(1974) and with a Pi 2 generation model suggested by Chen and
Hasegawa (1974). However, the interpretation cannot be unambi-
guous before a moving source, possibly related to the westward
travelling surge of a magnetospheric substorm event (Pytte et al.,
1976; Kisabeth and Rostoker, 1973), can definitely be excluded.
Further investigations taking into account the auroral Pi activity
will be required to solve this problem.

Other results of this investigation of Pi pulsations are the dis-
coveries of the pulsation period increase on either side of the
midnight meridian and the polarisation Splitting. The different
spectral composition and the dependence of the azimuthal wave
number on local magnetic time as well as the differences of the
intensity distribution of the H and D components of the Pi pulsa-
tions can all be considered as evidence that the primary hydro-
magnetic disturbance experiences different conditions of propaga-
tion for the H and D components.

In conclusion, it may be useful to compare these findings with
results obtained for pulsations in the 8—25 mHz band (Mier—Jedrze—
jowicz and Southwood, 1979) and for dayside pulsations Pc 3
and Pc 4 (Green, 1976). The values of the azimuthal wave numbers
obtained for nighttime events were comparable to the ones report-
ed here, whereas Pc 3 and Pc 4 pulsations had slightly larger wave
numbers indicating shorter wave lengths for Pc 3 and Pc 4 than
for Pi waves.
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Coordinated Magnetic Observations of Morning Sector Auroral Zone Currents
With Triad and the Scandinavian Magnetometer Array: A Case Study
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Abstract. By using coordinated two-dimensional ground-based
and satellite magnetic measurements obtained during a morning
sector pass of the Triad satellite over the Scandinavian Magne-
tometer Array we were able to derive current densities of a
large-scale westward electrojet system as well as those of a
small-seale arc-assoeiated system. The broad westward electrojet
constituted a Hall current flowing in the same region where
balanced field-aligned current sheets were observed. The field-
aligned eurrents were direeted downward in the north and
upward in the south and were closed in the ionosphere by
southward Pedersen currents. South of the maximum of the
broad electrojet, in the region of grossly upward field-aligned
current and near to a quiet auroral are, another small-scale
current system was found With essentially the same configu-
ration as the electrojet system. The current densities of this are-
associated system were slightly higher or eomparable to those
calculated for the electrojet system.

Computation of the ZH/ZP ratio gave an indication of the
latitudinal distribution of energetie partiele precipitation. In
contrast to the evening sector, the energetic particles precipitate
in the southern half of the auroral oval, where ZH/ZP ratios of 2,
and up to 4 near the auroral are, have been found, while ratios
close to 1 in the northern half indicate lower energetic electron
precipitation. In addition we have also paid attention t0 the
eomparatively smaller magnetic disturbances observed by Triad
perpendicular to the field-aligned current sheets and along the
vertical axis. The perpendicular horizontal variation may be
explained by the leakage of the toroidal magnetic field due to
east-west gradients of the field-aligned sheet current density. The
variations in the vertical component are due to the same source
as the north-south component and can be seen because of the
inclination of the field lines.

Key words: Triad satellite — Scandinavian Magnetometer Array ——
Morning sector auroral electrojets — Field-aligned currents —
Auroral are currents.

1. Introduction

lt is a well-known fact that magnetic measurements on the
earth’s surface are not sufficient in order to determine the real
three-dimensional current distributions responsible for geomag-
netic disturbances. Instead, there are always various equivalent
current systems that may explain a magnetic disturbance field
configuration observed on the ground. A good example for this

basic problem in the field of geomagnetism was the different way
in which on one side Birkeland and Alfven (Birkeland 1908,
1913; Alfven 1939, 1940) and on the other hand Chapman and
Vestine (Chapman 1935; Vestine and Chapman 1938) explained
the main features of high-latitude magnetic variations. Birkeland
and Alfven proposed a three-dimensional ionospheric and field-
aligned current system whereas Chapman and Vestine preferred
a two-dimensional system confined to the ionosphere. At that
time, when only ground-based magnetic observations were pos-
sible, the debate could not be settled since both current systems
have equivalent ground magnetic effects (Fukushima 1969).

On the other hand, magnetic measurements still play an
important röle in the exploration of ionospheric and magneto-
spheric currents, because the more direct methods as, for exam-
ple, the measurement of plasma parameters by means of in-
coherent scatter, sounding rocket or satellite experiments, also
have inherent difficulties. For example, one can underestimate
the field-aligned current flow by counting only particles in a
limited energy range With rocket and satellite spectrometers, as
described by Klumpar et al. (1976) and Evans et al. (1977).
Furthermore, the ‘equivalence problem’ can be overcome by
including measurements of additional relevant quantities like
conductivity and electric fields in the analysis (see Baumjohann
et al. (1980) for a broader discussion of this topic).

Another possible solution would be magnetic observations
made on a three-dimensional grid. Up to now nobody has built
a ‘three-dimensional magnetometer array’, but one magneto-
meter configuration which for certain magnetic disturbances
may come close to this ideal case consists of the two-dimen-
sional Seandinavian Magnetometer Array (Küppers et al. 1979)
and the Triad satellite (Armstrong and Zmuda 1973). Provided
that the current flows are stable during the satellite pass, the
magnetic measurements along the trajectory can partially add
the third dimension.

For a first case study in using coordinated Scandinavian
Magnetometer Array and Triad observations for analysing
auroral zone currents we have chosen a morning sector pass of
the Triad satellite over a westward electrojet since here the
ground magnetic fields were rather stable and indicated two-
dimensionality, i.e., independency of the east-west coordinate.
There have been extensive studies of ionospheric and field—
aligned currents based on data from the Alaska or Alberta
meridian chains of magnetometers and the geomagnetically east-
west aligned component of the Triad magnetometer (e.g.,
Armstrong et al. 1975; Rostoker et al. 1975; Kamide and Aka-
sofu 1976; Kamide et al. l976b; Kamide and Rostoker 1977). As
compared to these earlier studies, we have incorporated three
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improvements in our analysis: The first improvement is that
with the array measurements we were able to show that the
magnetic fields were indeed nearly two-dimensional which ve-
rified the validity of a two-dimensional analysis. The seeond
important difference is that our analysis is quantitative instead
of qualitative, as were the earlier ones. The last improvement is
an additional diseussion and interpretation of the comparatively
small magnetic variations observed by the Triad satellite in the
north—south and vertical directions.

By means of separation and subsequent upward continuation
of the external part of the ground magnetic fields to ionospherie
heights with a method similar to that recently applied by
Mersmann et al. (1979) we were able to compare direetly the
latitudinal distribution of magnetic fields at 100 km (just below
the ionospherie current layer) and at the Triad altitude of
800 km (above the ionosphere and in the region of field-aligned
currents). Using this data set we caleulated current densities for
Hall, Pedersen and field-aligned currents. The high spatial re-
solution of our results permitted us to diseuss even a small-scale
structure in the westward electrojet system associated with an
auroral are. In addition, eomputation of the ratio between Hall
and Pedersen conductivity allowed us to draw some conelusions
on the latitudinal distribution of the energy of precipitating
particles. Finally, we were also able to explain the magnetic
observations made by Triad in the north-south and vertieal
directions in the framework of the whole three-dimensional
current system.

2. Instrumentation and Data

On ‚February 22, 1978, between 2237 and 2239 UT (around 0130
MLT) the Triad satellite traversed the postmidnight auroral
oval over Scandinavia. Figure 1 displays the temporal variations
of the geomagnetic components observed at the observatory of
Kiruna, Sweden (67.8° N, 20.4° E). The magnetogram indicates
that the pass oecurred between two negative magnetic bays and

+200 nT |

XI VW):

+200nT

Y I ' x; M“

22|38UT

1+200nT
[Mm!“ | N WZ V \U:

V
1
1

20 22 24 02UT

Fig. l. Standard magnetogram from the geomagnetic obser-
vatory at Kiruna for February 22, 1978. The vertical dashed line
gives the time when Triad passed approximately over Kiruna
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Fig. 2. Magnetic deflections along the satellite trajectory ob-
served on February 22, 1978 around 2238 UT. The A’T, B}, and
Z’T components are more commonly known as A, B, and Z
components, but have been renamed to omit confusion with the
Kiruna system A, B, and Z components (see Fig. 3 and text). The
dashed lines in the A’T and B’T diagrams give the baseline relative
to which the disturbances investigated in our analysis have been
defined

during a time when the magnetic field was rather stable in-
termittently. This is confirmed by our other ground obser—
vations. Aceordingly, all disturbances observed with the Triad
magnetometer along the satellite track could be attributed to
spatial variations.

A detailed description of the triaxial magnetometer onboard
Triad has been given by Armstrong and Zmuda (1973). Figure 2
shows the magnetic variations observed at a rate of 2.25 samples
per axis and per seeond during the above mentioned time
interval. When passing southbound over Scandinavia the A’T
Triad magnetometer axis is directed approximately 30° west of
geomagnetic north, and the B’T axis is directed about 30° south
of geomagnetic west. Accordingly, opposite to Alaskan passes,
where the A’T sensor is aligned nearly in the magnetic east-west
direction, both horizontal sensors show significant variations,
The Z’T sensor shows only very weak variations. This sensor is
directed vertically upwards, and is therefore not antiparallel to
the main magnetic field vector.

A complete deseription of the Scandinavian Magnetometer
Array has been given by Küppers et al. (1979). We therefore only
display the locations of the magnetometers used in this study in
Fig. 3, by giving the spatial distribution of 2 min averaged
(2237—2239 UT) equivalent current vectors on the earth’s surface
(in nT). These vectors have their origin at the station where the
corresponding magnetic disturbanee has been observed. The 10 s
averaged horizontal magnetic field vectors along the satellite
track are also drawn into the same figure, with the satellite
trajectory projected down to 100 km height along the magnetic
field lines. The equivalent current vectors are given relative to
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Fig. 3. Two minutes averaged equivalent current vectors on the
ground and 10 s averaged horizontal magnetic disturbance vec-
tors along the satellite track (projected down along the fieldlines
to 100 km). The equivalent current vectors have their origin
(solid dot) at the station where the corresponding magnetic
disturbance has been observed. Also indicated are the axes of
the Kiruna system which is explained in the text

the quiet night level, while the Triad magnetic field vectors are
given relative to the baselines shown in Fig. 2. These baselines
have been constructed by fitting cubic splines to the undisturbed
magnetic components north of 70° and south of 60° invariant
latitudes.

It can be seen that the main equivalent ourrent flow con—
stitutes a westward electrojet and that both equivalent ourrent
arrows and satellite magnetic fields are nearly everywhere west-
ward directed. The constant westward direction of the equiva-
lent current arrows indicates that the electrojet was flowing

uniformly in longitude. The maximum westward magnetic field
at 800 km height coincides (as projected down along the field
line) with the maximum westward equivalent current arrows on
the ground, but a secondary maximum can be seen in the Triad
data near the northern .coast of Norway. The ground-based
magnetometers show no corresponding maximum of equivalent
currents, but a slower decrease of current intensity north of the
maximum westward current flow than south of it.

The coordinate system indicated in Fig.‘3 was described by
Küppers et al. (1980) and was named the Kiruna system. lt is
a Cartesian coordinate system obtained by a stereographic
projection of the globe onto a tangential plane centered at
Kiruna, Sweden. Cartesian coordinates are very suitable for
analysing local ionospherio-magnetospheric current systems as
done within this paper. The yKI axis of the system whose origin
is situated at Kiruna has been Chosen as the tangent to the
projection of the line qöc=d>c (KIR)=64.8° with qbc denoting the
revised corrected geomagnetic latitude as given by Gustafsson
(1970). The xKI axis points about 12° west of geographic north at
Kiruna. The horizontal components of the magnetio distur-
bances observed with the satellite and on the ground have been
mapped'into this system and have been denoted (AT, BT) and
(AM, BM), respectively. The A components are aligned parallel to
the xKI axis and the B components parallel yKl. ZM and ZT
components and z axis are aligned perpendicular to this plane
and are positive when vertically downward directed.

3. Separation and Upward Continuation
of Two-Dimensional Ground Magnetic Fields

The rather constant westward direction of equivalent current
arrows and Triad magnetic fields suggest that it is possible to
apply methods of two—dimensional potential theory for comput-
ing the external part of the southward magnetic field distribu-
tion along the xKI axis at ionospheric heights. Two-dimensio-
nality in this respect means that all quantities are independent of
one coordinate which in our case turns out to be yKI.

The latter fact is illustrated by Fig. 4 where we have plotted
the observed AM and ZM components (average values between
2237 and 2239 UT, see above) versus xKI. The figure shows that
there is indeed little yKI dependence especially in the AM com-
ponent, while the larger scatter in the ZM components is very
probably due to local induction anomalies or coastal effects (see
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Fig. 4. Average latitude profiles of AM and ZM
components (solid lines) observed on the ground.
The solid dots and triangles denote AM and ZM field
values observed at stations within — 150 km< yKI<
+150 km, i.e., close to the Triad trajectory (cf.

-200

„Fig. 3), while open dots and triangles denote
components observed at more distant locations
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Küppers et al. 1979, for a discussion of this topic). Accordingly a
two-dimensional analysis can be applied to the (AM, ZM) com-
ponents in a (xKI,z) coordinate system. For that purpose we
have constructed an average latitudinal profile of the observed
AM and ZM component each along the xKI axis, with an extrapo-
lation towards zero on both sides (solid lines in Fig.4). It should
be noted that the AM profile clearly shows the aforementioned
asymmetry around the sharp peak. The ZM profile crosses the
zero level at the minimum of AM and also shows an asymmetric
distribution.

If the AM and ZM components are assumed to be periodic
along the xKI axis, with ag 1 defining the basic spatial wave-
length (large as compared to the length of our profiles), the
following Fourier expansions of the external and internal parts
of these components are valid between the ionosphere and the
conducting layers in the earth (in these and the following
formulas we use x and y instead xKl and yKI for the sake of
simplicity)

(D

AMe(x’ Z): —j

20
an ejkx—kz,

‚1:0

AMi(x, Z) -——j
n20

bn ejkx+kz,

+
"2061"

ejkx— kz

_nzob
nejkx+kz’ (1)

ZMe(x Z):

ZMi(x,z):

where k:n°kO denotes the wavenumber and j the imaginary
unit. The AMe and ZMe components are caused by external
sources, e.g., in the ionosphere and magnetosphere, and vanish
for z—+oo, while the AMi and ZMi vanish for z—> ——oo and are
caused by internal sources, i.e., induced currents below the
earth’s surface (2:0). The observed total magnetic components
on the ground are given by the superposition of the external and
internal parts

AM(x‚ 0)= —J 20(a„ +b„) e17”,
n:0

ZM(x, 0)— i}(a„—b„)ej"x. (2)

A comparison of Eqs. (1) and (2) shows that F [AMe(x, 0)], the
Fourier transform of the external part of AM at the ground, i.e.,
the set of coefficients —ja„, can be determined by a super-
position of the Fourier transforms of the observed values of
AM(x, 0) and ZM(x, 0) according to

FtAMe(x 0)]: ;(F[AM(x 0)]+jF[ZM(x 0m (3)
Accordingly, Fourier analysis of the observed AM and ZM
latitudinal profiles on the ground (solid lines in Fig. 4), com-
bination of the AM and ZM Fourier transforms according to
Eq. (3), multiplication of the resultant Fourier coefficients with
e+kh (h is the assumed height of the base of the ionospheric
current layer) and subsequent Fourier synthesis yields the exter-
nal magnetic north-south component which is due to iono-
spheric and magnetospheric currents just below the ionospheric
current layer. We have chosen h=100 km according to the
observed average height distribution of westward electrojets
(Kamide and Brekke 1977).

This method is similar to that recently applied by Mersmann
et al. (1979). The basic difference is that they separated external
and internal parts in the spatial domain by using the Kertz
Operator, which is basically a Hilbert transform (Kertz 1954;
Siebert and Kertz 1957; Weaver 1964), while we separated in the
wavenumber domain. In order to avoid the problem of unstable
solutions during continuation towards the sources (large factors
€+kh greatly enhance small scatter in short wavelength parts; see
Mersmann et al. 1979) we have computed the Fourier spectra by
a harmonic analysis with a sufficiently large spacing of AxKI
=120 km between neighbouring field values which were taken
from the solid Curves shown in Fig. 4. The average upward
continued spectrum has then been synthesized with a 60 km
spacing to be comparable with the 10 s averages of the westward
BT component observed by Triad.

In Fig.5 we display the resultant AMe profile at 100 km
height together with the profile of the east-west disturbances BT
observed by Triad. The asymmetry of the AM and ZM profiles
observed on the ground gives two clearly separated minima in
the AMe profile at ionospheric height. Both AMe(XK1‚ —h) and
BT(xKI) have nearly the same shape, the same small-scale struc-
ture, an almost identical amplitude (for both the minimum is
—400 nT), and they both are confined to nearly the same latitu-
dinal extent (about 1200 km). The wavy structures at the ends of

Fig. 5. Latitudinal profiles of the approximately
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northward external magnetic horizontal component
AMe at the height of 100 km (just below the assumed
ionospheric current layer) and of the approximately
eastward horizontal disturbance BT observed by
Triad and projected down to 100 km along the
fieldlines. The AMe and BT curves can be regarded
as giving westward and southward ionospheric _
height-integrated current density if one substitutes
100 nT by 160 mAm‘ 1 for AMe or 100 nT by
80 mAm‘ 1 for BT, respectively. The horizontal
dashed line gives the zero-level, the other dashed
line in the region of the small-scale structure gives
the approximate magnetic flux density BT as-
sociated with the large-scale electrojet system in this
area and the bar around the small ‘a’ denotes the
approximate position of the observed auroral arc
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the AMe profile belong to a spatial wavelength of 240 km, i.e., the
smallest wavelength resolved in our analysis, and are very
probably related to the above mentioned instability problem.
The factor e+kh amounts to about 15 for this wavelength, and
accordingly the observed amplitude of i15 nT of this wave-
length at h= 100 km seems to be due to height-continued errors
in A and Z that are of the order of 1 nT at ground.

4. Ionospheric and Field-Aligned Currents
and the Hall to Pedersen Conductivity Ratio

For a two—dimensional Situation like the present one we can
relate the magnetic field distributions displayed in Fig. 5 to the
real (not merely equivalent) auroral zone current system in the
following way:

As Boström (1964) first clearly pointed out this system (if
two-dimensional and if confined to the auroral latitudes) con-
sists of the electrojet whose magnetic field is observed on the
ground, and of meridional currents that are field-aligned above
the ionosphere and are closed within the lower ionosphere (and
in the magnetosphere). The meridional currents possess a to-
roidal magnetic field that may be parallel or antiparallel to the
electrojet and that is unobservable on the ground.

Since in our case the vertical thickness of the electrojet, that
flows in the negative y direction is small as compared to its
latitudinal extent, its large-scale features may be described by a
surface current density Jy (negative in our case). This quantity is
related to the height-continued northward magnetic flux density
according to

50033 AM.(x‚ —h> (4)
if h is the height of the base of the electrojet layer (note that z
denotes depth). Accordingly, the curve denoted by AMe in Fig. 5
gives directly the electrojet height-integrated current density Jy if
100 nT are replaced by 160 mAm‘ 1. The maximum westward
current density is 620 mAm‘ 1 for the southern and 280 mAm‘ 1

for the northern peak of the Jy distribution. Between these two
extrema the surface current density decreases to about 210
mAm‘ 1, and the total current is approximately 2.4. 105 A.

The magnetic component BT as observed by the Triad
satellite (Fig. 5) must be interpreted as the toroidal magnetic flux
density generated by the poloidal (meridional) current system, as
it has been done for similar disturbances since the first analyses
of Triad data (e.g. Armstrong and Zmuda 1970; Zmuda and
Armstrong 1974). This system may be deseribed by a spatial
t‘ield-aligned current density j II(x) (positive if parallel to the
earth’s magnetic field) above the ionospheric current layer, and
by a surface current density Jx(x) that connects the field—aligned
eurrents within the ionosphere. Because BT is zero outside this
current system we get from Maxwell’s first equation

_1 dBT
j„(X)— (5)

‚“0 dx
.

Current continuity within the poloidal system may be expressed
by

d _1,17 =J„(x). (6)

The combination of these two equations yields

1J..(x)=— BToc). (7)
.uo

This equation shows that the second curve in Fig. 5 may be
interpreted as the height-integrated density of the northward
current (negative, i.e., southward in this case) in the electrojet
region if 100 nT are replaced by 80 mAm‘ 1. Accordingly, we
recognize a maximum southward current density of 310
mAm‘l, about 190 mAm“1 for the northern secondary ex-
tremum, and 120 mAm‘1 in between.

The field-aligned current density has been calculated by
differentiating the BT profile (Fig. 5) according to Eq. (5). The
result is displayed in the upper part of Fig. 6. The j lI(x) curve
shows relatively pronounced structure that will be discussed
below. The maximum eurrent densities are 2.5 uAm‘2 with
upward and 1.5 nAm‘2 with downward flow. The total field-
aligned surface current density is 370 mAm‘1 for both up- and
downward flowing current.

Since the large-scale field-aligned eurrents have a magneto-
sheric source (e.g. Boström 1975; Rostoker and Boström 1976)
the associated ionospheric electric field must be southward
directed along the xKI axis for the given gross pattern of upward
field—aligned current flow in the south and downward in the
north. Accordingly, we can interpret sZp Ex as Pedersen and
Jy=ZH Ex as Hall current and get from Eqs. (4) and (7)

1 ZAM.(x‚ —h> =5 - EH (x) - BT(x). (8)
The latitudinal profile of the ratio ZH/ZP which results from the
profiles of AMe and BT (Fig. 5) according to this relation is given
in the lower panel of Fig. 6. It shows a decrease with increasing
latitude from values close to 4 near the southern boundary of
the current system and in the region of intense upward field-
aligned current flow to values close to 1 in the north where a
broad region of downward field-aligned current is observed.
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Fig. 6. The upper diagram displays the latitudinal distribution of
field-aligned current density calculated by differentiating the BT
profile given in Fig. 5. Positive values denote downward cur-
rents. Dashed line and bar around ‘a’ have the same notation as
in Fig. 5. The lower panel gives the derived (Cf. text) latitudinal
profile of the ratio between Hall and Pedersen conductivity on a
logarithmic scale
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5. Magnetic Variations in the North-South
and Vertical Component at Triad Altitude

In the previous sections we were concerned with the strong
magnetic variations observed by Triad in the BT (approximately
geomagnetic east-west) direction and related to the meridional
current system of balanced field-aligned currents and Pedersen
currents. In this section we will try t0 interpret the compara-
tively smaller variations in the AT component (approximately
geomagnetic north—south; maximum amplitude about 50 nT) and
the even smaller ones in the ZT component (vertically down-
ward; maximum amplitude about 20 nT). One possible source of
magnetic variations in the AT and ZT components at 800 km
altitude is the magnetic field associated with the electrojet. We
have calculated this contribution from Jy(x) as given by the
curve AMe(x) in Fig. 5 in combination with Eq. (4). The result is
given by the curves A, and ZI in the upper part of Fig. 7. One
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Fig. 7. The two upper panels display the magnetic flux density of
the ionospheric westward electrojet (cf. Fig. 5) at a Triad alti-
tude. The two lower panels give the magnetic disturbances
observed by Triad at 800km altitude in the northsouth and
vertical component after subtraction of the above-mentioned
fields of ionospheric origin

can see that they are changing only slowly with latitude and that
they have maximum amplitudes of 50 and 20 nT for A1 and ZI.
respectively. Magnetic fields of more distant sources like the ring
current should change even more slowly and may hardly be
distinguishable from the quiet level. If we subtract A, and Z1
from AT and ZT, respectively, we should get the residual mag-
netic disturbances due t0 probably more local sources. Since A1
and Z1 have a very gradual slope south of 60° and north of 70O
invariant latitude, i.e., in the regions where we have fitted the
cubic splines t0 construct the baseline, n0 decision can be made
between these variations and the well-known slow variations
due t0 the spacecraft attitude uncertainty. Accordingly, we have
here first subtracted the fields of ionospheric origin and then
constructed a new baseline by fitting cubic splines t0 the nor—
thern and southern ‘undisturbed’ region. The results are given in
the lower part of Fig. 7 and the variations indeed reflect a quite
local character.

The (AT—A1) variations show an almost antisymmetric
shape with respect to xKIzO. If one projects this location along
the magnetic field lines down t0 100 km altitude in order t0
compare it with the location where the large—scale field-aligned
currents change their direction as given in the upper part of
Fig. 6 (around XK1=200 km), one finds that both locations ap-
proximately coincide. One also finds that the northern maxi—
mum (AT—AI) is located at the northern edge of the field-
aligned region and that the southern minimum is close t0 the
southern edge. Both these facts hint t0 the explanation that the
(AT—AI) magnetic variations constitute a leakage of toroidal
magnetic flux fBT due t0 a westward decrease in the field-
aligned current intensity. This decrease is consistent with a slight
decrease of the westward electrojet in the same direction which
can be noted when carefully examining Fig. 3.

The actual leakage magnetic flux density depends on both
the gradient of the westward decrease and on the longitudinal
location with respect t0 the central meridian and the western
termination of the electrojet. With the data set available we
cannot determine these parameters, but we have calculated the
AT component in 800 km altitude by assuming that the Pedersen-
field—aligned current system given in Figs.5 and 6 decreases
linearly by 10% per 100 km in the westward direction and that
the western termination was 1000 km and the central meridian
2000 km apart. The resultant curve is displayed in Fig. 8 and
one can see that there is a reasonable agreement with the
observed (AT—AI) curve of Fig. 7 regarding shape, zero-cross—
over, location of the extrema, and amplitude in the central
region between the two arrows.

The observed (AT—AI) profile cannot show the very gradual
increase and decrease of the calculated AT south and north of
the locations indicated by the arrows. since these are the regions

E ..
T I j T I I l fi 1 1 T 1 1

2. 1.0 l— AT (model) —
U) ‚-

ä 20 - — Fig. 8. Calculated northward component of
5 — magnetic flux density due t0 a leakage of the
Z) 0 “"‘ ““ ‘ toroidal magnetic flux (the model current
240: _ system is explained in the text). Outside the
E _ „ region between the two arrows cubic splines

-40- - have been fitted t0 the observed data for
_ t baseline determination and n0 agreement

4500 ' -150 1 45400 l 5 1 560 ‘
1200

’ 18100 between calculated and observed AT
xKllkm] components (Fig. 7) can be expected
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Fig. 9. Cemparison ef the two quantities related in Eq. (9) (x
denetes the inelinatien ef the earth’s magnetie field)

where eubie splines have been fitted to the variations observed
by Triad für the baseline determinatien and Censequently the
(AT—AI) eurve must be elese t0 this baseline. We should also
nete that a westward deerease ef 10% per 100 km is about twiee
as mueh as the westward deerease of the southward magnetie
field Observed an the greund, but we feel that our ealeulations
give at least geed evidenee that the observed (AT—AI) va-
riatiens are due te the leakage t0 toroidal magnetie flux.

If the Triad Z sensor would be aligned along the magnetie
field direetien üne weuld expeet t0 ebserve n0 effect of field-
aligned eurrents in this sensor. But the sensor is aetually aligned
gravitatienally and therefere the fellowing relation holds (with
fix) denoting the latitude dependent inelination of the fieldlines
as given by geomagnetie eharts):

—[2T(x)—z‚(x)]=[A1-(x)—A;(xactnxm (9)
We have ealeulated the abeve twe quantities and display them
in Fig. 9. lt ean be seen that both eurves agree rather well and it
ean therefore be assumed that the (ZT—Zr) variations are due t0
the same sourees as the (A T—HA 1) variatiens, i.e., very probably
due te the leakage ef tereidal magnetie flux.

6. Diseussien

Our analysis has previded results für the distributien of ionon
spherie Hall and Pedersen eurrents and field—aligned eurrents
asseeiated with a westward eleetrejet in the morning seetor. The
large-seale features ef sueh eurrent systems are already rather
well knewn and generally in agreement with nur results. Small»
seale struetures in the latitudinal eurrent density distribution are
still a mueh debated tepie (Kamide 1979) and the relationship of
the sharp seuthern peak in ienüspherie eurrent density and the
intense field-aligned eurrent sheets with an auroral are will be
diseussed as the seeend topie. Anether important result is the
latitudinal dependenee ef the eenduetivity ratio, and from this
we will draw some eonelusions about the partiele preeipitation
in the merning seetor during the present event.

Large-Seale Currents

The eleetrejet eonstitutes a westward Hall eurrent ef abeut
2.4«105A flowing in nearly exaetly the same regien where
grossly balaneed field-aligned eurrent sheets ef 370 mAm‘1 are
observed flowing downward in the nerth and upward in the
south. These currents are linked in the iünesphere by süuthward
Pedersen eurrents, and the teroidal magnetie field eaused by this
meridional eurrent system was observed by Triad abeve the
ionosphere and was of the erder of 200—400 11T. In eentrast, the
meridional magnetie field of the eleetrejet was abeut 30—50 nT
at the Triad altitude.

The values given abeve are within the range feund in earlier
studies with the Chatanika radar and' the Triad satellite für the
same loeal time secter (e.g. Brekke et a1. 1974; Kamide and
Brekke 1975; Iijima and Potemra 1976, 1978; Herwitz et a1.
1978 a, b; Kamicle and Horwitz 1978). Also eur ebservatien that
balaneed field-aligned eurrents elose aleng ene meridian is in
agreement with the statistieal field-aligned eurrent flew pattern
given by ether authers (Yasuhara et a1. 1975; Sugiura and
Potemra 1976; Iijima and Potemra 1976, 1978; I-lughes and
Resteker 1977), who all nete balaneed field-aligned eurrents
during 2 t0 4 h around magnetie midnight.

We sheuld note that eur assumption ef a purely meridienal
southward direeted ionospherie eleetrie field eaused by the
balaneed field-aligned eurrents (and eonsequemly the westward
current te be a pure Hall eurrent) is not without eontradietien.
For example Hughes and Rosteker (1977, 1979). using ebser-
vatiens of westward electrie fields arüund midnight by Mezer
and Lueht (1974), preposed that the quiet time westward elee-
trojet in the 22—02 MLT seeter is mainly a Pedersen eurrent
while the Hall eurrent is direeted mere northward. After
examining a great amount ef published eleetrie field patterns
(Heppner 1973, 1977; Holzworth et a1. --1977; Herwitz et a1.
1978a, b; Maynard 1974; Wedde et al. 1977), we have füund that
westward eleetrie fielcls are eenfined mestly t0 the Harang-
diseentinuity region (where indeed nerthward Hall eurrents ma}.r
be found; e.g. Kamide and Horwitz 1978; Baumjehann 1979;
Baumjohann et a1. 1980) in the late evening seeter. Furthermore
southward direeted fields appear te predüminate in the pestmid-
night seetor in support of Dur earlier assumptiens. This apparent
eentradietion may be resolved by the faet that I-Iughes and
Rostoker (1977, 1979) diseussed the quiet time eurrent een-
figuration and used quiet time eleetrie field data while eur data
and most of the above eited eleetrie field patterns are repre-
sentative for mere disturbed times, when the westward Pedersen
eurrent is eoneentrated behind the surge in the evening seeter
(Rostoker and Hughes 1979).

Therefere we suggest that during disturbed times the zenal
westward Closure eurrent of the net. fielcl-aligned eurrents
around magnetie midnight (Kamide et a1. 1976b, e) is the I-Iall
eurrent whose magnetie signatures have been ebserved an the
greund. This Closure is in agreement with a medel already
proposed by Heppner et a1. (1971a,b), and has been verified
reeently by Baumjohann et a1. (1980) für the eastward eleetrejet
in the dusk seetor by eomparing twe-dimensienal distributions
of ionespherie eleetrie and ground magnetie fields.

Smalteale Current System Assoeiarad
Wzth an Aumrai Art:

Mersmann et al. (1979) have feund an eleetrejet eurrent densityr
that was net a smoeth latitudinal distributien frem their study
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of an eastward electrojet with essentially the same method as
applied here. In their oase a small decrease in current density
was found, and evidence was given that this deerease was
possibly due to a local westward current inside an auroral are.
The existence of this are could not be verified due to cloudiness
and some ambiguity remained. In our case a similar structure is
found both in the ionospheric and field-aligned current densities,
but it is muoh stronger in amplitude, and is of a greater spatial
wavelength (about 500 km). Again the weather in Seandinavia
was rather oloudy but one of the Scandinavian all-sky-oameras
produoed analysable data. This camera was located at Hankas-
almi in southern Finland and during the time of the Triad pass a
rather stable quiet are was seen near the northern horizon of the
camera. This are was located approximately between xKI = — 160
and — 100 km (H.J. Opgenoorth private communication, 1979),
whioh means in the region where we observed intense upward
field-aligned current and strong westward ionospheric current
flow (cf. Figs. 5 and 6).

Accordingly, we interpret the peaks in the observed AMe and
BT curves (Fig. 5) at x“: — 120 km as enhaneed westward Hall
and southward Pedersen eurrent flow between a pair of re-
latively thin sheets (eaoh about 100km wide) of intense field-
aligned currents (cf. Fig. 6 upper panel) that is associated with
the observed auroral arc. The center of this system is situated
about 300 km south of the secondary peaks whieh now may be
contributed to the maximum of a broad westward electrojet
current density distribution. Of the total 620 mAm‘1 Hall
eurrent density inside or near the are, about 450 mAm“1 may
be attributed solely to the small-seale are system. The arc-
associated westward Hall current density is therefore greater
than the maximum current density of the broad westward
electrojet (270 mAm‘ 1), and the total are-associated Hall cur-
rent contributes about 20°/0 to the total westward ourrent. Of
the maximum southward Pedersen current density of 310
mAm‘1 about 220 mAm"1 may be are-associated and are
therefore of about the same magnitude as the eurrent density
near the maximum of the westward electrojet. The maximum
field-aligned current densities (cf. Fig. 6, upper part) can be
nearly solely attributed to the are and we get 2nAm‘2 as-
sociated with the are compared with a maximum of 1 „Am—2
assooiated with the main electrojet. In terms of sheet current
densities, this means that a current of about 200 mAm‘1 flows
downward to the north of the are and flows upward above or
south of the are. This field-aligned current eloses via the south-
ward Pedersen eurrents. Compared to the electrojet-assoeiated
field-aligned current, whose sheet eurrent densities may be esti-
mated to be also about 200 mAm‘l, the total are-associated
vertical eurrents have the same magnitude.

It should be noted that the current densities given are more
minimum current densities for the are system, since the latitu-
dinal resolution of our analysis is restricted to spatial wave-
length greater than 200km. Auroral arcs and most probably
also the associated current systems are much smaller (e.g. Davis
1978) and our data may display smoother curves and lower
peaks than were aotually there.

We have also Compared our observations with results of
rather rare earlier studies on morning sector auroral arcs. Ka-
mide and Rostoker (1977) noted that discrete arcs in the morn-
ing seotor are found in the region of intense upward field-aligned
ourrents in the southern half of the westward electrojet. Be-
aujardiere et al. (1977) found, by means of incoherent scatter
observations, an are-associated enhancement of the westward
current flow of about 160 mAm‘l. Because of their fine re-
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solution rocket-borne experiments are best suited to study
phenomena associated with auroral arcs. But to the best of our
knowledge, only one rocket flight into postmidnight aurora has
been made (Sesiano and Cloutier 1976). Sinee this rocket was
flown through a highly struetured multiple arc system the results
are hardly comparable with ours. The field—aligned sheet eurrent
densities determined in our study are within the range (160 to
1200 mAm‘ 1) obtained from the Rioe University roeket flights
into auroral arcs in the premidnight seetor (Anderson and
Vondrak 1975).

We should note once more that our interpretation of the
westward current as a Hall current, and the southward current
as a Pedersen current is based on the assumption that the field-
aligned currents are driven by a magnetospherie souroe with the
ionosphere aoting as a load. As described earlier, this mecha-
nism is commonly accepted for the large—scale currents, but it is
still a matter of debate if the field—aligned eurrent pairs as-
sociated with auroral arcs are driven by the magnetosphere (e.g.
Mallinokrodt and Carlson 1978) or by a polarization electric
field in the ionosphere (e.g. Carlson and Kelley 1977). The
seoond model implies an ambient zonal westward electric field
which, as described earlier, is rarely observed in this MLT
sector. Furthermore the non-existence of this electric field can be
concluded from the rather stable location of the auroral are
(arcs drift southward under E xB motion of a westward field;
see for example Kelley et al. 1971). Therefore we tend to believe
that a magnetospheric souree can indeed be assumed, but this
question can only be decided by simultaneous electric field
measurements and we hope that a future study incorporating
Triad, the Scandinavian Magnetometer Array, and the STARE-
radars (Greenwald et al. 1978) will help in this respect.

Hall t0 Pedersen Conductivity Ratio

South of xKl=0 km the ZH/ZP ratio varies between 2 and 4 and
is within the range given by Brekke et al. (1974) based on their
Chatanika radar observations. North of xKI=0 this ratio reduces
to values around and slightly below 1, and is therefore smaller
than the minimum value given by Brekke et al. (1974). But
Evans et al. (1977), who computed ionospheric conductivities
based on auroral electron data obtained during a sounding
rocket flight, determined values between 0.8 and 1.4. Both
groups used a different atmospheric model and the difference in
the ratios found may very probably be attributed to unoertain-
ties in these models, while our calculations are free from these
ambiguities.

The ratio between the two conductivities allows some con-
clusions on the energy of precipitating partieles, since energetic
auroral electrons penetrating the 'atmosphere reach different
altitude levels depending on their energy (Rees 1963). Experi-
mental evidence for this can be found for example in Brekke
et al. (1974) and Evans et al. (1977) who both noted that maxi4
mum enhancements of the ZH/ZP ratio are found to be coin—
cident with energetic partiele precipitation.

For our oase this means that partieles with higher energies
precipitate in the southern third of the westward electrojet
region, where the most intense Hall and upward field-aligned
current densities and the auroral are have been found. The
"average energy of the precipitating partieles gradually decreases
towards north, where the field-aligned currents flow downward.
This latitudinal distribution of partiele precipitation is op-
positely to that in the evening sector (see, for example, Lui et ai.
1977) but agrees with other results found in the morning sector
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by direct measurements with the Isis (McDiarmid et a1. 1975;
Klumpar et a1. 1976) and Injun (Frank and Ackerson 1971)
satellites, by monochromatic all-sky observations (Mende and
Eather 1976) and by studying the relative location of discrete
aurora in the electrojet region (Kamide et al. 1976b; Kamide
and Rostoker 1977).

7. Summary and Conclusions

In the present paper, for the case of a morning sector pass, we
have demonstrated the usefulness of coordinated two-dimen-
sional ground-based and Triad satellite magnetic observations.
We have shown that, for the two-dimensional case studied, it is pos-
sible to derive quantitatively the real ionospheric-field-aligned
current system and the latitudinal distribution of the ZH/ZP
ratio and that it is possible to explain also variations observed
by Triad in the north—south and vertical component. This has
been done by using only two very basic and well accepted
assumptions: that the balanced field-aligned currents are of
magnetospheric origin thereby causing a purely southward elec-
tric field, and that the altitude of the ionospheric current layer is
100 km.

For the event which we investigated the more detailed results
include the following:

1. A broad westward electrojet (about 1200 km wide) was
observed at about 0130 MLT. It constituted a Hall current of
about 2.4-105A flowing in the same region where balanced
upward and downward flowing field-aligned current sheets of
about 200 mAm‘1 were observed. These currents where closed
in the auroral ionosphere along the same meridian by south-
ward Pedersen currents of about the same maximum current
density as the field-aligned currents.

2. South of the maximum of the broad electrojet and near
the location of a quiet auroral arc another latitudinally small
but very intense peak in the ionospheric current density was
observed. This small-scale are-associated current system had
essentially the same eonfiguration as the large-scale electrojet
system. The about 250 km wide westward Hall current had a
maximum density of 450 mAm‘l, greater than the maximum
current density of the main electrojet, and contributed 20% of
the total westward current. The field-aligned currents flew
downward in the north and upward over or south of the arc and
their maximum current densities of about 2 uAm‘2 were twice
as high as those of the electrojet associated pair. The total field-
aligned current flow was closed by southward Pedersen currents
of 220 mAm‘ 1.

3. While we found ZH/ZP ratios close to 1 in the northern
half of the westward electrojet and in the region of downward
field-aligned currents, this ratio increased to values between 2
and 4 in the southern half with the highest values near the
location of the auroral arc and the intense upward field-aligned
currents. Relating these ratios to the energy of precipitating
particles we have concluded that in contrast to the evening
sector energetic particles precipitate in the southern half of the
auroral oval (as defined by the electrojet borders) where the
discrete arc has been observed. Lower energetic particle pre-
cipitation appears to occur in the northern half.

4. The disturbances observed by the geomagnetic northsouth
component of the Triad magnetometer (perpendicular to the
l‘ield-aligned current sheets) may be explained by a leakage of
the toroidal magnetic flux due to a probable decrease of the
I‘ield-aligned current intensity in the westward direction. Due to

the inclination of the earth’s magnetic field these variations can
also be seen in the gravitationally aligned vertical component.

It should be mentioned, that the present conclusions are
derived on the basis of only one case studied. Future work has
to show if the conclusions may be generalized.
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Abstract. Sanidines from 16 tuffs of the first volcanic phase in
the Siebengebirge and the Siebengebirge-Graben were dated by
the K/Ar-method. Ages range from 24.1 (Nachtigallental) to
22.9 M.y. (core Rott).

Three mineral ages from surface outcrops in the Central Sie-
bengebirge (23.9 i0.5 M.y.) are statistically indistinguishable from
those of the sub-surface samples Stieldorf—l, Stieldorf-2 and Rott
(23.0i0.5 M.y.). These ages confirm the Uppermost Oligocene
biostratigraphic age of the ‘Blätterkohle Rott’ which is inter-
layered with the trachyte tuff.

Sanidine and biotite mineral ages from five trachyte samples give
similar apparent ages from 26.4 to 24.6 M.y. These results show
the trachytes to be older than the tuffs, in disagreement with
the geologically established sequence. The sequence of eruptions
in the Siebengebirge area however (trachyte-tuff, trachyte, latite
and alkaline-basalt) was confirmed wherever outcrops allow obser-
vations. This discrepancy is discussed.

The apparent ages of three dated latites are in the same range
(26.2 to 25.1 M.y.), in agreement with the geological sequence.
The latite ages show that the time span between the eruptions
of the trachytes and the latites must have been very small. Isolated
basalts belonging to a fourth phase yield K/Ar ages from 25
to 19 M.y. Pliocene volcanism could not be verified in the Sieben-
gebirge.

In addition, stratigraphically well-dated glauconites from the
Tertiary of the Niederrhein area were used to correlate our isotopic
age date with the Cenozoic time scale.

Key words: Potassium-Argon dating — Tertiary — Miocene —
Oligocene —— Sanidine —— volcanic rocks — paleomagnetism —
Siebengebirge — Germany.

l. Introduction

The area of interest for our study is the well known mountainous
region of the Siebengebirge in western Germany and adjacent
areas (Fig. 2). The age of the volcanism in the Siebengebirge is
not well defined by stratigraphical methods. The Siebengebirge
volcanics are considered to be approximately of the same age
as the analogous rocks in the Westerwald. Ahrens (1957) placed
the trachyte tuffs of the Westerwald into the Upper Oligocene

* Former project title ‘K—Ar age determinations on volcanics
with known paleomagnetic field parameters’
** Now at Max Planck Institut für Chemie, Mainz

0340-062X/80/0048/0018/502.00

(Middle Chattian). The basaltic eruptions in the Westerwald con-
tinued through the Lower Miocene and perhaps through the
Pliocene. Lippolt and Todt (1978) demonstrated that the volcanic
action in the Westerwald had several phases and was still active
in the Quaternary. The most intensive phase was between Upper
Oligocene and Lower Miocene (22—25 M.y.). One object of this
study was to check the alleged synchronism of volcanic activity
in the Siebengebirge and the Westerwald and to define the chron-
ological sequence in the Siebengebirge.

The stratigraphic classification of the volcanic products in the
Siebengebirge-Graben, the most southerly point of the Niederrhei-
nische Bucht, has also been unsatisfactory. The volcanic action
there was placed in the Oligocene, since the trachyte tuff is older
than the ‘Blätterkohle’ of Rott, which Stehlin (1932) dated as
Upper Oligocene. The second object of this study was to date
several trachyte tuffs, which are intercalated with Tertiary sedi-
ments. In addition, samples of glauconite from well dated sedi-
ments in the Niederrhein area offered another opportunity for
correlations.

The third object of this study was to date all the volcanic
rocks for which paleomagnetic data have been published, in order
to obtain more information about the chronologic evolution of
the magnetic field at this time.

2. Geological Setting

The area of the Niederrheinische Bucht formed a sedimentary
basin in the Tertiary. Marine transgressions are noticeable in the
Oligocene and Miocene sections near the Ruhr-river. Deposition
of fine clastic sediments occurred contemporaneously. These sedi-
ments now appear as large seams of brown coal. A movement
of the crust took place in the course of the so-called Savian tectonic
phase at the boundary of the Oligocene and Miocene. Volcanic
eruptions in the Siebengebirge (Hesemann 1970, 1975) may have
been triggered by a rapid subsidence of the graben-system in the
Niederrheinische Bucht. This volcanic activity in the Siebengebirge
belongs to the large arc of volcanic centers from the Eifel in
the West t0 the Oberpfalz in the East (Fig. l).

A period with several phases of eruptions in the area of the
Siebengebirge produced, in succession, trachyte tuffs, trachytes,
latites and finally alkaline basalts. The trachyte tuffs are inter-
layered with the sediments of the Niederrheinische Bucht in the
Siebengebirge—Graben, so that it is possible to correlate isotopic
ages with stratigraphic ages.

The only available K/Ar age published is the age of sanidine
separated from the Drachenfels trachyte (22.8 M.y. Lippolt 1961,
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Fig. l. Map of volcanic centers in Central Europe with area under investigation. Inset: Geological Map of Siebengebirge area

Frechen and Lippolt 1965, 23.1 M.y. calculated with the constants
recomrnended by Steiger and Jäger 1977). The trachyte tuff from
the Drachenfels area into which this trachyte intruded should
be older than this intrusive rock.

The volcanism in the Siebengebirge has been studied exten-
sively. Detailed studies of the geology and petrography and in
regard of the deposition sequence were published by Laspeyres
(1900). The chemistry of the rocks was published by Berg (1933).
Further mineralogical and chemical analyses were carried out and
interpreted by Frechen (196l, 1976), Vieten (1961, 1972) and Fre-
chen and Vieten (1920).

According to the present geological concept, the volcanism
in the Siebengebirge occurred in several stages, whereby the pres-
sure of the Mesozoic sedimentary cover (2:1,000 In) was relieved
during the first phase of explosive volcanisrn. In this phase trachyte
tuffs were deposited over a large area (2: 10 km2) with an average
thickness of about 100 In. Succesive trachyten, 1atite», and alkaline—
basaltic magrna intruded into these tuffs, forming deines, funnels,
pipes, and dikes. The sequence of eruptions is the same throughout
the area. It is particularly well established where the intrusive
relationships are seen. Differences in the petrography of samples
of different localities, however, suggest that it was not a conternpo-
rary eruption with a uniform sequence. It is more likely that
the 1irolcanisni in different areas occurred with a tirne delay depend-
ing on the tectonic Situation. This appears to have resulted in
a similar, but often incornplete sequence. Volcanism in the Sieben-
gebirge followed different pathways of eruptions as well as com-
plex chemical compositions. The nearby volcanic areas of Eifel
and Westerwald (compare Fig. 1) are separated from it by a zone

of few eruptions. Figure 2 shows a simplified map of the Siebenge-
birge area and the majority of the sample localities which are
describecl in the following section and in the appendix.

Further north in the Siebengebirge-Graben the ‘Blätterkohle’
of Rott is imbedded in trachyte tuff. This “Blätterkohle‘ is consid-
ered to be a typical example of the brown coal of the Upper
Oligocene and contains numerous fossils. In this ‘Rott’ locality,
a Microbunodon Minimum Cuvier (zAnthracotherium breviceps
Troschel) has been dated as Upper Oligocene by Stehlin (1932).
According to the Phanerozoic Time Scale (PTS), compiled at the
‘Holmes Symposium’ 1964 (Funnel 1964) and supplemented by
Rast (197l), the boundary between Oligocene and Miocene lies
at 25:2 M.y. Since this time new K/Ar data have placed this
boundary at 22.5 M.y. (Berggren 1972, Van Eysinga 1915) or even
lower at 21—22 M.y. (Odin et a1. 1925).

The well defined stratigraphical c1assification of the ‘Blätter-
kohle’ of Rott and the intercalation of the trachyte tuffs in the
sediments of the Siebengebirge-Graben made it possible to date
this coal searn absolutely and to assign hereby a further isotopic
age to the Oligocene/Miocene boundary. Further calibration
points for the PTS come fron'i three glauconite bearing horizons
in the Niederrheinische Bucht, where fauna relicts have been very
well dated stratigraphically. They are:

(a) Marlstones of the Upper Paleocene in the borehole Hams-
feld near Issurn. This horizon is dated as Thanetian (Anderson
1958; Indans 1958). Samples HAM A1 and HAM B1.

(b) Marlstones of the upperrnost part of Oligocene in the Ros—
senrayl and Hoerstgen mines. The fauna with Chlamys bitica
acuricoslata classified this layer as Lower Eochattian (Anderson
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in the Seuth and E. 36 in the Nertheast are not included). Map after Teichmüller (1974) in Burghardt (19’39)

1958; Indans 1958; Ellerrnann 1958). Samples ROS and HOER.
(e) Very fine pelitie sand frerm the Mioeene of the Hoerstgen

mine. This sand is also rieh in fauna, with large nurnbers of
trüpieal ferms. Therefüre it very likely belongs t0 the Hemmoor
formatian (Anderson 1958; Indans 1958). Sample 261A.

Glaueenite separates frnrn these layers prepared by the Geolog-
ieal Survey of Nürdrhein-Westfalen served t0 correlate our data
an the vüleanism with the Geelügieal Time Scale.

3. Analysed Samples

Cores frem bürehüles drilled by the Geologisches Landesamt
Nordrhein—Westfalen (Krefeld) in the Siebengebirge-Graben,
Supplied samples of the graben area. Minerals frorn the tuff hori-
zon in boreheles Stielderf-l and Stieldorf-Z were used t0 date
this traehyte tuff. The eores üf the two drill holes allowed Grünha-
gen (19310) t0 deseribe, layer by layer, the petrographie composition
üf the lÜO-m-thiek graben seetinn eompesed of traehyte tuff. Sepa-
ration üf sanidine allnws us t0 determine their K/Ar ages. Grünha-
gen (19710) was able t0 reeognize sirnilar layers in the e0re of
the drillhole Ren-l but nüt t0 correlate thern with the cores of
Stieldürf. Sanidine has also been separated für K/Ar analyses
frem these layers. Tuff layers with sanidine had been found elose
ta the ‘ Blätterkohle‘ near Uthweiler (Schmidt 1951). This sanidine
was also dated by K/Ar analyses.

Sanidines früm three layers in the eentral Siebengebirge (Nach-
tigallental, Heisterberg and Ruttseheid) were separated in Order
t0 evaluate the eerrelatien between the Siebengebirge-Graben and
the Siebengebirge traehyte tufT. Representative suites were ehesen
frnm the ignenus raeks in the Siebengebirge eovering the different
phases ef vnleanism. Wherever mineral separations were possible
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we analysed sanidine- and bietite-samples, in the other eases we
resorted t0 total roek analyses (TR). A11 samples were as fresh
as possible, and elassified by the eriteria nf Horn et a1. (19712)
as fresh voleanie roeks with the exeeptiün of Finkenberg basalt
(N0. 40) which was altered. Descriptiens of the samples are given
in the appendix.

4. Analytieal Methnds

Potassium was analysed by flame photemetry with a la-errer
of m0.5%. The argon was determined by isotope dilution in a
l80°-5 ern-mass-speetremeter (Varian MAT GD15Ü). The samples
(„0.5 g) were wrapped in niekel foil and earefully predegassed
in vaeuum prior t0 the analyses t0 minimize the atmnspherie
argon enntributien. The argon blank was abeut 1-10‘E em3 STP
argon. A detailed deseription nf the analytieal technique is pub-
lished in Horn et al. (197’2). The fellewing deeay eenstants
were used (Steiger and Jäger 1977): ‚1(4ÜKß—)=4.962-10"m/yr:
).(4°K„)+).’(4DK„):O.581 -10_10/yr; 4ÜK=0.0116? atümüz’a. These
eonstants yield ages about 1% higher than these ealeulated with
the former set of sonstants. The errer ef the argen determinatien
was calculated after Todt (19H) basing ÜI’I the statistieal errür
ef the measurements and the atmespherie argen eorreetien. The
error of the age is the sum nf the K- and Ar-errnrs. On the
standard sample LP6-Bi0 of the US Geologieal Survey we deter-
mined 4.335-10‘ 5 ern3 STP 4C'Armd per gram.

5. Results and Diseussinn

The results of the analyses are presented in Table l. The diseussien
of the results begins with nur glaueenite data (Table 1A) sinee
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glauconites are the basis for the correlation of the stratigraphy
in the Niederrheinische Bucht (Kreuzer et a1. 1973).

1.Ages of Stratigraphically Controlled Samples

The apparent age of the iron-rich glauconite fraction from the.
Thanetian sand in the Hamsfeld core is 57.8—_1— 1.3 M.y. According
10 the PTS, the time base of the Upper Paleocene is 58—60 M.y.
(Table 2). The age of the less-magnetic fraction of this sample
is too high (67.2i1.5 M.y.). X-ray analyses and mineralogical
tests by Grünhagen (unpublished) suggest that impurities (detrital
illite) might be the reason. These illites were not completely
eonverted into glauconites.

Glauconites of the Asterigerina-horizon (Ellermann 1958) at
the base of the Chattian in the Hoerstgen mine yield an age
of 28.3:10 M.y. in agreement with the PTS. The age of the
glauconites (2641-09 M.y.) in a comparable layer (Lower Eochat-
tian) from the Rossenray-l mine is 2 M.y. lower and corresponds
with the Uppermost Oligocene.

The results for the glauconite samples of Hemmoor in the
Hoerstgen mine yield an age of 18.2 i 0.9 M.y. and are somewhat
younger than glauconites separated from the drillchips from Ol-
denburg Hemmoor (19.2 and 20.4 M.y.). Kreuzer et a1. (1973)
have measured ages of glauconites from Lattorfian sediments
’(Nannoplankton zone NP 21) close t0 Helmstedt (37.3 t0
39.3 M.y.) and from corresponding glauconites close t0 Lehrte
(38.4 and 38.9 M.y.). Four glauconite samples from the Neochat-

Table l. Analytical results of the K/Ar measurements. For sample notations see chap. Appendix

Sample Potassium Ar run 4(’Armd 40Ar (atm) K-Ar age Mean value
(%) N0. (10’6) (%) M.y.i 10 M.y. i 10'

/A ) Glauconite samples
1. 261 A Miocene 5.85 1260 4.146 51 18.2i0.8

(Hemmoor)

2. ROS Oligocene 6.40 595 6.609 6 26.4 i 0.9
(Chatt) 790

3. HOER Oligocene 5.83 599 6.333 28 28.3 i 1.0
(Chatt) 601

4. HAM B1 Paleocene 5.42 596 12.305 23 57.8 i 1.3
(more magnetic) (Thanet) 598

5. HAM A1 5.12 597 13.870 20 67.2: 1.5
(less magnetic)

/B) Tuff Samples from drill core Stieldorf—I
6. G28 Sanidine 8.16 715/1410 7.169 10 23.5—_I-0.7

7. G38 Sanidine 6.95 694/731/1824 6.186 14 22.5 i 0.5

8. G7S Sanidine 7.85 718/819 5.986 11 (19.6i0.6) 231350.5

9. G7H Hornblende 1.46 602/787 1.334 43 23.3 i 0.8

10. Basalt Totalrock 1.04 932/957 1.024 76 25.7 i 2.3

Tuff Samples from drill core Stieldorf—2
11. GSS Sanidine 7.53 588/688 6.715 19 22.5i1.5

817/1413

12. GlS Sanidine . 7.85 585/695/734 7.371 13 24.0i0.4
815/1828

13. G6S Sanidine 8.57 589/693/1832 7.485 8 23.2 i 0.5
14. G4S Sanidine 5.72 586/689/722 4.909 12 22.0i0.4 2301-08
15. G88 Sanidine 6.61 691/729 6.079 17 23.4 i 0.8

Tuff Samples from drill core Rott 1
16. (A) 13m Sanidine 8.09 1563/1585 7.292 20 23.0-_1—0.5
17'. (B) 25m Sanidine 7.04 1043/1117 6.300 5 22.8i0.5 2301-03
18. (C) 43m Sanidine 8.16 1044/1120 7.306 6 23.1 i 0.5

Tuff from artificial outcrop
19‘. Uthweiler Sanidine 6.87 1408/1530 6.420 9 23.9 i 0.7
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Table 1 (Continued)

Bonn Sample Potassium Ar run 40Arm, 4oAr (atm) K-Ar-age Mean value
N0. (%) N0. (10’6) (%) M.y. i 10 M.y. i 10

(Cj Hard rock samples from the Siebengebirge

20. BN (2) Drachenfels Sanidine 8.03 1588/1650 8.15 13 26.1 i 1.5
Quartz trachyte Biotite 7.23 1083/1049 7.14 22.5 25.4 i 0.6

21. BN (4) Perlenhardt Sanidine 8.58 1235 8.60 6 25.8 i 0.8
Quartz trachyte Biotite 7.39 1076/ 1 047 7.35 20 25.6 i 0.6

22. BN (7) Lohrberg Sanidine 8.80 1236 8.79 5 25.7 i 0.8
Trachyte Biotite 7.02 1045/1081 6.93 23 25.4: 0.6

23. BN (8) Wolkenburg Totalrock 3.71 558/623 3.7l 14 25.7i 0.6
Quartz latite

24. BN (11) Stenzelberg Totalrock 3.33 557/556 3.25 17 25.1 i0.6
Quartz latite

25. BN (21) Löwenburg Totalrock 3.02 561/605/619 3.04 43 25.9: 1.3
Foidic trachyte

26a. BN (37) Ölberg-Südfuß Sanidine 8.76 1247/1353 8.58 5 25.2 i 0.6
Trachyte Biotite 7.33 1048/1079 7.21 15 25.3 i 0.5

26 b. BN (54) Alcaline basalt Totalrock 1.14 555/615 1.02 35 23.0 -1_- 0.7

27 a. BN (38) Wasserfall Sanidine 8.83 1250 9.06 6 26.4i 0.8
Trachyte Biotite 7.46 1050/ 1085 7.13 15 24.6 i 0.6

27 b. BN (42) Latite Biotite 6.08 1893 6.19 53 26.2i 1.3

28. BN (39) Lahrberg Sanidine 8.67 1261/1309 8.49 7 25.2 i 0.6
Trachyte

29. BN (36) Am Margarethenhof Totalrock 1.12 559/612 1.07 52 24.6 i 1.1
Alc. Basalt

(D) Trachytic tuffs from the Siebengebirge

30. BN (61) Nachtigallental Sanidine 5.60 1565/ 1590/ 1674 5.25 13 24.1 i 1.5

31. BN (62) Heisterbg/ Sanidine 5.39 1567/1596 4.99 l4 23.8 i 0.6 23.9 i— 0.5
Petersbg

32. BN (63) Ruttscheid Sanidine 7.34 1568/1598 6.79 8 23.8 i 0.6

(E) Isolated basalt occurrences neighbouring the Siebengebirge; Totalrock measurements

33. BN (51) Dächelsberg/ 1.22 566/614 1.19 60 25.1i1.3
Niederbachem

34. BN (57) Kahlenberg/ 0.968 565/613 0.918 56 24.4i 1.2
Burgbrohl

35. BN (58) Asberg/ 1.15 564/611 1.073 56 24.0i 1.1
Kalenborn

36. BN (60) Stein/Eitorf 1.07 450/627 0.786 61 18.9 i 1.1

37. Stieldorf compare sample B-10

38. " Stuxenberg/ 1.32 1594 1.277 29 24.9 i 0.9
Oberpleis

39. BN (59) Steinsbergkopf/ 1.31 452/626 1.135 43 22.3 i 1.0
Niederlützingen

40. Finkenberg 1.35 451/608/625 1.443 92 27.5 i 5.4
Bonn-Beuel
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Table 2. Stratigraphic division of the Tertiary in the Niederrhein basin and pertinent K/Ar-data by Kreuzer et a1. (1973) and from
this work

Pliocene Data for Time Data from Kreuzer et a1. Data from this work
scale boundaries (1973)

Rast Berggren K-Ar Age Stratigraphic K-Ar-Age Stratigraphic
(1971) (1972) M.y. Age M.y. i 10 Age
10 i 3 5

Upper Miocene

Miocene Reinbek
Hemmoor 19.2—20.4 Hemmoor 18.2 i- 0.9 Hemmoor
Vierland

25 i- 2-——- 22. 5 23. 3—23.6 Olig/Miocene 23.0 -_l- 0.3 Upper Oligocene
Chattian 23. 8—24.8 Neo-Chattian

Oligocene Rupelian 26.4 i 0.9 Lower Eo-
Lattorfian 28. 3 i 1.0 Chattian

37 i 2—37. 5 37. 3—39. 3 Lattorfian Asterigerina
Eocene Horizon

58 i4-—-53. 5

Paleocene Thanetian . 57.8 i 1.3 0
Danlan—Montian (67.2 i 1.5)a Thanetian

67 i 3 ——— 65
Cretaceous

a Discussion in section 5A

tian sediments below the Oligocene/Miocene transition zone are
dated at 23.3 and 23.6 M.y. We conclude from these dates that
K/Ar determinations on glauconites in the Niederrhein-Tertiary
largely confirm the PTS (Table 2), with the only exception that
the Oligocene/Miocene time boundary might be too high.

Core Rott-l: From the trachyte tuffs of the Rott—l core three
sanidine samples from the depths of 13, 25 and 43 m were analysed.
All results agree perfectly (23.0 i 0.3 M.y.). Because of the intercal-
ation of the ‘Blätterkohle’—seam with these trachyte tuffs, the
result also dates this seam. The PTS puts the Oligocene/Miocene
transition at 25 i 2 M.y. This implies that the ‘Blätterkohle ’ would
belong to the Lower Miocene, in disagreement with the presumed
stratigraphic age; conversely if we believe the stratigraphic age
to be right, the Oligocene/Miocene transition must be younger
than 23.0i0.3 M.y.

These data on the sanidines and the data on the glauconites
do support the suggestions by Berggren (1972) and Odin et a1.
( 1975) that the Miocene-Oligocene boundary is younger than that
given in the PTS.

B. Results From Sanidines From Stieldorf-I and
Stieldorf-Z

Stieldorf-I. Three sanidines, one hornblende and the whole rock
basalt were analysed from this drill sample. The sanidines from
the two upper samples give K/Ar ages of 23.5iO.7 and
22.5i0.5 M.y. Sanidine and hornblende analyses of sample G7
yield 19.6 i0.6 and 23.3 i0.8 M.y. ages respectively. This sanidine
was the only sample with isotropic grains — perhaps glass. Glass
is known for its low argon retentivity (compare references in Dal-
rymple and Lanphere 1969, p. 176). An additional possibility to
explain the argon loss is the concordant age of the hornblende
with the two other samples of this core. The age of the TR-sample

of the basalt (25.7i2.3 M.y.) was unexpected, because it was
assumed to be a sill (Teichmüller, personal communication). This
result means that the basalt was already present when the trachyte-
tuff erupted, and that the basalt was filled in by the tuff.
Stieldorf-Z. Five sanidine samples from this core resulted in ages
between 22.0 and 24.0 M.y. (similar to Stieldorf-l). The youngest
sample G4 shows patches with microcline cross-hatching, which
could be a reason for argon loss (compare references in Dalrymple
and Lanphere 1969, p. 168). The results show that these tuffs
were formed before or shortly after the Oligocene-Miocene transi-
tion.

C. Results on the Samples From the Siebengebirge

Three sanidine samples from the trachyte tuff of the central Sieben-
gebirge were analysed in order to evaluate the isotopic age position
of the trachyte cores of the area and to confirm the results on
the trachyte tuff in the Siebengebirge-Graben. These three samples
(30, 31, and 32) yield ages of 23.9i0.5 M.y. thereby supporting
our previous result that the trachyte tuffs have younger apparent
ages than the trachytic igneous rocks. As will be discussed in
the next sub-section, all igneous rocks (except some basalts) were
older than 24 M.y.

The analytical results of the minerals and total rock samples
for the volcanics from the Siebengebirge are presented in Table 1 C.
We measured sanidines and biotites from all trachytes which have
been collected. All sanidine— and biotite-ages agree within error-
limits. The Wasserfall trachyte (27) is an exception since the biotite
appears to be younger (24.6i0.6 M.y.) than the sanidine
(26.4:08 M.y.). The reason for this is not yet understood. The
average ages of all sanidines are 25.7 j; 0.5 M.y. The corresponding
average age of all biotites is 25.3i0.4 M.y. Hence the ages of
both minerals agree.
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The average age of the three analysed latities is 25.7 i0.6 M.y.
which suggests the eruptions of the trachytes and latites occurred
within a very short time span at about 25 M.y.

The alkaline-basalts, which are considered to be products of
the last eruptive phase in the Siebengebirge area, yield K/Ar ages
ranging from 25 to 19 M.y., indicating they were produced from
the beginning of the volcanic activity and continual eruptions
over a time span of several million years.

D. Paleomagnetism

Paleomagnetic data from eight analysed samples in the Siebenge-
birge showed reversed magnetization for five alkaline-basalts (26,
29, 33, 34, and 35) while two quartz-latites (23 and 24) and the
feldspathoidal-trachyte (25) are normally magnetised. The age
range for the normally magnetised samples is 25.9—25.1 M.y. and
for the other samples 25.8—23.0 M.y. These results therefore show
an older group with normal magnetization (latites and trachytes)
and a younger group with reverse magnetization (alkaline-ba-
salts). The event for the reversal from normal to reverse polarity
occurred N25 M.y. ago. This corresponds to the 25 i— 2 M.y. rever-
sal, dated in the basaltic province of the Oberpfalz by Todt and
Lippolt (1975).

6. General Discussion

Geologic studies of the area suggest the Siebengebirge volcanism
took place in five phases (compare Hesemann 1970). It appears
from local geologic observations that the first phase produced
the trachytic tuffs as a thick layer over the whole area which
was then intruded by trachytic magmas during a second volcanic
phase. This relationship can be seen at the Drachenfels and in
the Lohrberg quarry. Unfortunately these locations have not been
sampled for the present study.

Our K/Ar results conflict with this chronology. Here the tuffs
appear to be younger than the lavas. All our analysed ages for
the tuff layers are in the range 24.1 to 22.0 M.y. while the youngest
trachyte has an age of about 25 M.y. as do the latities. From
this, one would conclude that all dated tuffs must have been
deposited within a relative short time span (2 M.y.) and that they
erupted after nearly all other magmas had been erupted. On the
other hand our results for the suite of hard rocks show the expected
sequence of eruption.

Since the same mineral (sanidine) was analysed in the tuff
and in the hard rocks our K/Ar results should be comparable.
Each set of data (hard rock/tuff) seems to be consistent. The
hard rock sanidine ages are supported by coexistent biotite ages.
The tuff sanidines give consistent values for all the boreholes
of the graben and for the outcrops in the mountain range. They
have all the same age within the errorlimits.

On the other hand there is no reason to expect an inferior
retentivity behaviour of sanidines from tuffaceous origin. Baads-
gaard et a1. (1961) reported that fresh sanidine obtained from
various volcanic bentonite horizons retained the radiogenic argon
sufficiently well to yield reliable 40Ar/40K ages. Their short-term
(days) tests of argon leakage from pure sanidines showed that
the radiogenic argon is quantitatively retained at temperatures
below 400° C. Moreover Baadsgaard et al. (196l) reported one
case (Crowsnest volcanics, Alberta, Canada) were sanidine from
a trachyte flow yielded significantly lower ages than the sanidine
from a correlated bentonite. One could however argue that the
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tuffs and the flows of the Siebengebirge and the Siebengebirge-Gra-
ben might have experienced different geochemical histories. The
tuffs are diagenetically altered and might have had more hydro-
thermal alteration.

In our suite of samples there is unfortunately no pair of neigh-
boring tuff and trachyte where the age relationship is clearly dis-
cernible in the field. We are therefore faced with two alternatives:

l. Production of tuff is not confined to a short phase of activity
but lasted a rather long time. Sanidines from the tuff production
of the starting phase were not observed in the field and therefore
could not be analysed. This would imply that we have to look
for samples where the field relationships are clear (Lippolt and
Vieten in preparation).

2. There is a hitherto unknown process observed which in-
fiuenced the results on the sanidines from the tuffs. Earlier studies
have demonstrated the reliability of sanidine in K/Ar dating. There
is however a grain size and a chemical difference between the
sanidines from the two rock typcs which may affect Ar retentivity.
The sanidines of the tuffs are smaller (mm) than those from the
trachytes (cm) and the potassium contents of the tuff-sanidines
are lower than the contents of the others and they have a much
wider spread (54—86% compared to 80—88%).

At the moment we cannot distinguish between these two alter-
natives. To solve the question we intend to begin a more detailed
study of two pairs of sanidines from tuff and trachyte in neighbor-
ing position. By determining the K/Ar ages using conventional
and neutron activation techniques, and studying the chemical com-
positions of the minerals by XRF technique we hope to resolve
this problem (Lippolt and Vieten in preparation).

7. Conclusion

Our results are illustrated in a simplified crossection through the
Niederrheinische Bucht in Fig. 3. The right side of the figure shows
the results on the igneous rocks of the Siebengebirge. We consider
these to be the most reliable ages because of the concordance
of sanidine and biotite ages. These analyses fix the main phase
of the Siebengebirge igneous rock production at about 26—24 M.y.
The left side of the figure shows the age determinations of glauco-
nites, implying that the age levels of the Tertiary part of the
PTS (after Funnel 1964 and Rast 1971) are also valid in the
Niederrheinische Bucht.

At their face value, the results on the minerals from the tuffs
(right central part of the figure) may be interpreted as follows:

The ages of the sanidines in the Siebengebirge-Graben, particu-
larly in the Rott core, add new evidence to the age of the Oli-
gocene/Miocene transition. If we take the correct stratigraphical
age of these layers as Upper Oligocene, this boundary must be
younger than 23.0i0.3 M.y. Hence the results on the tuffs favor
the 22.5 M.y. transition age as published by Van Eysinga (1975).
This would also be the correct age for the Oligocene/Miocene
transition in the Siebengebirge-Graben. But the discrepancy be-
tween results from tuffs and igneous rocks does not allow us
to resolve this question at present.

In Fig. 4 our new results are compared to K/Ar age distribu-
tions of other areas in the Rhenish Shield. Approximately 24 M.y.
ago all volcanic areas were active, which conflicts with the idea
of a hotspot moving from E to W or a plate moving from W
to E over the hotspot (Duncan et al. 1972; Burke et a1. 1973).
Two periods of volcanism prevail in the Eifel area: the Tertiary
phase from 44 to about 24 M.y. and the well known Quaternary
phase. The Tertiary Eifel volcanism mostly precedes the Wester-
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Synopeis : K—Ar Ages [Mo] in the Rhenish Shield
TIME SCALE WEST == EAST

[M11] Hohe Eitel Siebengebirggu Westerwetd Oberpfalz Lausitz etc.
1 l w- D‚5 1 {2!

PIiocene 1:2 I (7)

5"“ " s 1141 " " "

19* „- L -- -9
Miocene

11’. 7
‚15* ü _P __ _ I H

29-— __ 19 {111+ q_ 19 __ 19 111)
22 22

I
22 ”5’

21.21. 1’?! 21. 2:.—— - 25 —— 15 -9 _-25 251’t T”: 2s [‘r J I (s)
u s

. 1'151 gamma 2a 29 I (1) 28
Üligoeene -_ „- Besolts -.. .. ...‚.

30 1.2 _ Letites
a ‚in porenthesis: number of meosured sompfes
n thi's sruo‘y

Fig.4. Age distribution of volcanic activity in the Rhenish Shield
from Hocheifel (W) to Saxony (E) after the results of papers
published earlier and of this study (Siebengebirge area)

wald-Siebengebirge volcanism. However the contemporaneity of
the voleanie activity in these two latter areas is still correct based
on our data. After a longer tirne spart voleanisrn began again
during the Pliocene/Quaternary in the Eifel, Westerwald and
Oberpfalz. In the Siebengebirge area proper. however, it has not
been possible to find any Pliocene volcanism.
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8. Appendix: Sarnple Description

A. Glauconita-Samples

These samples are prepared in the Geologisches Landesamt Nord-
rhein-Westfalen in Krefeld: After wet sieving, the 200—500 um-
fraction was separated on a Frantzumagnetic separator. Handpick—
ing under a stereo-microscope produced about 100% clean sepa-
rates (Grünhagen 1970).
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1. Sample 261 A: shaft IV of the Friedrich—Heinrich AG at Hoerst-
gen. TK 25, sheet 4404 Issum, r=32 826, h=09 320; depth
35.8 m, stratigraphic classification: Hemmoor.

2. Sample ROS: shaft I Rossenray TK 25, sheet 4405 Rheinberg,
r:38818, h=09395, depth 91.1 m, stratigraphical classifica-
tion: Lower Eochattian.

'

3. Sample HOER: Shaft IV of the Friedrich-Heinrich AG at
Hoerstgen. cp sample 261 A, depth 128.2 In, stratigraphic classi-
fication: Lower Eochattian.

4. Sample HAM B 1: Borehole Hamsfeld. TK 25, sheet 4404
Issum. r=29437, h: 10069, depth 309.65—309.75 m, strati-
graphic classification: Upper Paleocene, strong manetic frac—
tion.

5. Sample HAM A 1: The same sample as HAM B 1, but a
less magnetic fraction with impurities of illite.

B. Tuff-Samples From the Siebengebirge-Graben

These samples are also prepared in the Geologisches Landesamt
Nordrhein-Westfalen in Krefeld. The slightly solidified tuffs are
ground wet in a porcelain-mortar, then elutriated. The feldspars
are separated from the 200—400 um and 400—600 um sieve-fractions
with a Frantz-magentic separator and heavy liquids. The sanidine-
concentrates were handpicked under a stereo-microscope and
checked for purity with refracting liquids. With one exception
(G7S: 85% sanidine) the concentrations are higher than 98%
(Grünhagen 1970; Todt 1971).

Borehole Stieldorf-l : TK 25, sheet 5209 Siegburg, r=25 85575,
h=56 2273

6. G 2 S: Sanidine from a fine greenish trachyte tuff, depth:
45.5 m.

7. G 3 S: Sanidine from a lightgreen trachyte tuff, fine grained,
depth: 58.5 m.

8. G 7 S: Sanidine from a grey, solid trachyte tuff, depth 67.5 m.
9. G 7 H: Hornblende from a grey, solid trachyte tuff, depth

67.5 m.
10. Basalt: depth 81.2 m, cp. E-37.

Borehole Stieldorf-2: TK 25 sheet 5209 Siegburg, r=25 68100,
h : 56 23320.

11. G 5 S : Sanidine from a green to grey trachyte tuff, depth
82.6—83.7 m.

12. G 1 S: Sanidine from a green t0 grey trachyte tuff, depth:
92—94 m.

l3. G 6 S: Sanidine from a grey, finegrained trachyte tuff, depth
124.0—125.4 m.

14. G 4 S: Sanidine from a green, mediumgrained solid trachyte
tuff, depth 134.1—137.0 m.

15. G 8 S: Sanidine from a brown clay, downwards more and
more carbonaceous, depth 148.0—148.7 m.

Borehole Rott-l: r=25 89200, h=56 25100.

16. (A) Sanidine from a trachyte tuff, depth 12.70—12.95 m.
17. (B) Sanidine from a trachytic lapilli tuff, argillaceous with

rock fragments, depth 25.0—25.5 m.
18. (C) Sanidine from a trachytic tuff and tuffite, the tuff is partly

rich on sanidine, partly with feldspar and biotite, depth
43.25—43.4 m.

19. Uthweiler: Streamscarp at Frechwinkel. Sanidine from the
lower tuff-bank in the ‘Blätterkohle’, about 2 m below the
hanging boundary of the ‘Blätterkohle’. TK 25, sheet 5209
Siegburg, r=88 890, h=22 600.
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20.—32. C, D. Igneous-Rock- and Tuff-Samples From
the Siebengebirge

These samples are prepared in the Mineralogisch-Petrologisches
Institut der Universität Bonn. The purity of all mineral-separates
was higher than 98%. In Tablel we also list the lab-numbers
of the University of Bonn in addition to our lab-numbers. Detailed
description of all these samples may be found in the following
publications: Vieten (1961), Vieten (1972), Frechen (1976), Fre-
chen and Vieten (1970).

E. Isolated Basalts

33. Dächelsberg/Niederbachem. Alkaline-Ol-Basalt, unfresh.
Phenocrysts: mostly Px, some with reabsorptions, Ol only mar-
ginal transformed into Iddingsite.
Matrix: fine-crystalline, Plg more than Px, in some parts strong
calcitization and zeolitization.

34. Kahlenberg/Burgbrohl. Alkaline-Ol-Basalt, unfresh.
Phenocrysts: mostly Ol, with transitions to completely
transformed bowlingite, minor Px.
Matrix: coarse-crystalline, carbonates mostly concentrated in
spots, partly strong zeolitization.

35. Asberg/Kalenborn. Alkaline-Ol-Basalt, fresh.
Phenocrysts: Ol with no or little transformation to bowlingite,
dominating over Px.
Matrix: very fine-crystalline, Plg dominating over Px, minor
amount of calcite.

36. Stein/Eitorf. Alkaline-Ol-Basalt,-fresh.
Phenocrysts: Ol dominating with beginning bowlingitization,
minor Px with resorption-features.
Matrix: coarse—crystalline, rich of ore-minerals, minor calcite
and zeolites, Plg dominating.

37. Stieldorf (B-lO). Alkaline-Ol-Basalt, unfresh.
Phenocrysts: rare, mostly Ol (strongly to completely bowl-
ingitized), minor Px.
Matrix: mostly Plg, strong calcitization and zeolitization.

38. Stuxenberg. Nepheline-Basanite, fresh.
Phenocrysts: abundant, mostly Px, also Ol (— 1 mm), marginal
transformed t0 bowlingite.
Matrix: poor in Plg, partly Neph, fine-crystalline, mostly pris-
matic Px, ore-minerals, minor amount of glass, beginning
calcitization.

39. Steinsbergkopf/Niederlützingen. Alkaline-Ol-Basalt, fresh.
Phenocrysts: mostly Px, also fresh Ol, minor amount of Px,
xenocrysts with strong reaction-rims.
Matrix: localy; calcite and zeolites, otherwise fresh, fine-crys-
talline, rich in ore-minerals, Plg dominating over Px and Ol.

40. Finkenberg/Bonn-‘Beuel. Alkaline-Ol-Basalt, unfresh.
Phenocrysts: abundant, mostly Px locally eoncentrated, minor
amount of Ol heavy to completely bowlingitized, also very
fresh.
Matrix: rich in calcite and zeolites (in spots and along cracks)
Plg dominating over Px.
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The Geothermal Anomaly of Landau/Pfalz:
An Attempt of Interpretation
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2 Geophysikalisches Institut, Universität Karlsruhe,
D-7500 Karlsruhe, Hertzstr. 16, Federal Republic of Germany

Abstract. The geothermal anomaly in the oil-field Landau (Rhine-
graben, Germany) is modeled postulating the rise of deep ground-
water along a fault in the basement. Relations are investigated
between (a) the temperature in the centre of the anomaly, (b)
its lateral extension, (c) the water flux, (d) the original depth
of the water, and (e) the age of the anomaly. The numerical ap-
proach takes into account two processes: (a) Thermal conduction;
(b) convection in a porous medium. The estimated age of the
anomaly (about 100,000y) does not compare with the age of
the Rhinegraben (about 50 my). The required water flux is very
small, and the source depth of the water flow is estimated to
be about 6,000 m. The presented hydrothermal model possibly
may be used t0 interpret the shallow temperature anomalies in
the whole Rhinegraben.

Key words: Rhinegraben — Geothermal anomalies — Uprising deep
waters — Hydrothermal processes — Heat transfer in porous media.

Introduction

The Rhinegraben between Frankfurt and Basel is one of the best
studied continental rift systems. A nearly complete coverage of
the results can be found in several proceedings of Rhinegraben
symposia, such as edited by Rothe and Sauer (1967), Illies and
Müller (1970) and Illies and Fuchs (1974). This area is noteworthy
from the geothermal aspect. In the Rhinegraben we have t0 dis-
tinguish between the temperature distribution in the depth range
of the lithosphere/astenosphere (about 200 km), corresponding to
the history of the rift system, and the near surface temperature
distribution within the sediments caused by hydrothermal
processes. The aim of this paper is t0 find an explanation for
the geothermal anomalies in the sedimentary cover of the Rhine-
graben. A fairly well-known and striking anomaly is located in
the oil-field of Landau/Pfalz (Fig. 1a), and is described by several
authors (Doebl 1970; Hänel 1974; Werner and Doebl 1974; Wer-
ner et a1. 1978). Within the German as well as French zone of
the Rhinegraben, which is characterized by high subsurface tem-
peratures, there are other significant anomalies (Delattre et a1.
1970; Lauer 1976).

We start from the assumption that the observed thermal ano-
malies in the sediments of the Rhinegraben are caused by water

Contribution n0. 249 of the Institut für Geophysik, ETH Zürich
Contribution n0. 193 of the Geophysikalisches Institut, Univer-
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Circulation systems down to great depth. It has been shown that
other attempts of interpretation (e.g., differences in the heat con-
ductivity, existence of very young magma bodies, or the assump-
tion of a very high density of radiogene heat sources, (see Werner
1975) lead t0 unrealistic results.

Our observations are limited t0 the uppermost part of the
earth’s crust. The existence of a deep geothermal anomaly in the
upper mantle under the Rhinegraben (Werner and Kahle 1980)
is not the subject of this paper.

Our considerations are based on new continuous temperature
logs in oil wells of the Landau field. The logged depths range
from 800 t0 1,300 m. Further details about these measurements
are described in an earlier paper (Werner et a1. 1978). The results
of the measurements are summarized in Fig. 1 b. Apparently, signi-
ficantly high temperatures exist in this area, with values of about
100° C at 1,000 m depth in the centre of the anomaly. This corre-
sponds t0 a heat-flow maximum of about 120 mW/m2

The Concept of the Mode]

The Rhinegraben is a rift zone characterized by numerous faults
in its sedimentary cover (Illies 1974). Some major faults continue
into the crystalline basement. In the Landau field a deep reaching
fault system (the so called w-fault and y-fault, see Fig. 1b) is
well known (Sehad 1962; Doebl et a1. 1974). The average thickness
of the sedimentary cover in the Landau field amounts t0 about
2,000 m.

The question arises wether a deep-reaching fault can be consid-
ered as origin for a thermal anomaly. We d0 not expect that
each major fault plays a geothermally active role. Our model
is based on the assumption that some deep faults are permeable,
at least locally, and accordingly thermal waters are able t0 rise
up from a depth of some thousand meters. For this model it
is necessary that a continuous narrow zone with a vertical per-
meability exists.

The basic principle is that rising groundwater transmits its
heat content to the surroundings and builds up a thermal anomaly.
Although we assume the existence of rising thermal waters, our
model does not explain its hydromechanical cause. Starting with
a given distribution of flow the model calculation leads t0 a corre-
sponding temperature distribution. The aim of the model calcula-
tion is t0 find quantitative relations between:

(a) The temperature in the centre of the anomaly, e. g., at
a depth of 1,000 m; this allows a comparison with the field results;
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Fig. 1.
a Location of Landau.
b Isotherms and fault pattern of
the Landau field at 900m below
sea level (about 1,050 m below
earth surface). The numbers
indicate temperature values in
°C. The prominent fault in this
region is the co-fault

Basel

Frankfurt
O

Heidelberg

(b) the spatial extension of the anomaly, also t0 compare with
field results;

(c) the age of the anomaly;
(d) the original depth of the thermal water;
(e) the thermal water flow, i.e., the quantity of water trans-

ported per unit time.

These quantities allow a discussion about the applicability of the
model t0 the real Situation.

The way of the rising deep groundwater eonsists of two paths:
Path l, from the original depth of the water up to the top of
the crystalline basement; Path 2, its subsequent way through the
overlying sediments. It will be shown that Path l is the critical
one for the thermal model, i.e., the original depth of the water
strongly influences the results. On the other hand, the distribution
Of the flow within the graben fill (Path 2) is of interest in determin-
ing the lateral extension of the thermal anomaly.

The Mode] Calculation

We consider a half-space in which heat transport takes place.
The boundary condition at its surface is isothermal (mean annual
temperature). We assume an undisturbed, ‘normal’ temperature
field before the forming of the anomaly. Within the half-space
heat is transported by:

(a) Thermal conduction;
(b) conveetion, caused by moving waters in a porous medium.

I n the heat conducting medium there are permeable zones, where
movement of fluid can take place. The velocity field is given
and is assumed t0 be eonstant, starting at an initial time t=0.

Furthermore, we distinguish two regions within the half-space:
The sedimentary cover, and below this, the crystalline basement.
We assume that permeable zones exist in both regions. In the

permeable zones of the graben fill the flow of water is governed
by the Darcy velocity, however in the faulted crystalline basement
this definition is only approximately valid. N0 accurate description
on the special mechanism of the permeability of a fault is available.
We avoid this difficulty by assuming that within the fault zone
the definition of a Darcy velocity is still approximately valid.
Using this assumption. the two regions (sediments and crystalline)
can be handled with the same mathematical formulae.

We use a basic equation, whose applicability to shallow aqui-
fers has already been successfully tested (Werner and Kley 1977).
In the permeable zones, the equation is

ÖT
yugrad

T+ä—t—=Dl72T.
(1)

In zones with pure heat eonduction Eq. (l) reduces t0:

ÖT
5;:

K V2 T
(2)

where

T: temperature
t=time
u=vector of the Darcy velocity (approach velocity, specific

discharge)
y=cw pw/c p=ratio of the heat capacities of water and rock
p=density of rock
K=K/C p=thermal diffusivity of rock in the zones of pure heat
conduction
Kzthermal conductivity
D: ‘effective thermal diffusivity’ in water permeable zones, which
includes the effect of thermal dispersion.
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The Darey veloeity u ean be ealeulated from the mean flow
veloeity v (advanee veloeity) by

u:pv

where p indieates the effeetive porosity.
For the heat transport the Darey velooity has to be used,

beoause this quantity (speeific diseharge) deseribes the liquid flow
as mass per unit tirne (in the striet sense u should not be ealled
a veloeity).

The parameter D, whieh we eall ‘effeotive thermal diffusivity’,
i5 exaetly a tensor quantity inf‘lueneed by diffusion and dispersion.
We assume here that D ean be oonsidered as a scalar constant
(see e.g., Werner and Kley 1977).

As it is evident from (l) and (2) radiogenie heat sources are
not taken into aeeount. They are omitted beeause their effect
on our hydrotherrnal model is hegligible.

We eonsider a two-dirnensional problem. With x as horizontal
and z as the positive downward direotion coordinates (1) and
(2) ean be written as follows:

5T z
(‚i-13

T
(3)62T)

5T ar
ö: 8x2 822 —fx "(g—f2 0.7::

for the permeable zones, where f:(fx, f,)=;uu :y(ux, “21a
and

8T 82 T( (4)52T
5:“: — )6x2 + 822

for zones vvith pure eonduotion.
The field f is a given quantity, i.e., it is an ‘input parameter’

of the ealoulation. In our model it is assurned that f is oonstant
with time.

The equation of mass eonservation is div f=div u=0. This
means that thermally induoed density ohanges are not oonsidered.

The problern is solved with a finite difference method, i.e.,
the differential Eqs. (3) and (4) are oonverted into equivalent
differenee equations. The temperature at every point of a grid
with point distanee Ax:A2=200 m is oaloulated after every time
step AI. It is advantageous to work with two different tirne steps,
aoeording to the different heat transport rates by either pure oon-
duetion or by eonveotion. We seleet At’zöü years for the perme-
able zones and 211: 300 years for the zones with pure conduotion.
The ohoioe of the ratio betvveen Ax, A2 and AI, At’ is limited
by the stability eondition of the numerieal method.

The fault in the orystalline basement (more preoisely, the nar-
rovv zone in whieh the thermal water ean rise) is assumed as
perpendieular to the earth’s surfaee and is ehosen to be 200 m
wide, eorresponding to one distance step Ax. Our two-dirnensional
ealeulation is limited to a symmetrical oase where the axis of
symmetry at x20 eoineides with the z-axis.

Models for the Landau Anomaly

Figures 2, 4, and 5 show different model versions of the geothermal
anomaly of Landau, whieh are distinguished by different assump-
tions on the path of the thermal water in the graben 1'111. In
the first model (Fig. 2) it is assumed for simplieity that the water
flows in a narrovv, horizontal aquifer. In this oase no water move-
ment takes plaee within the sediments apart from the aquifer.

In our ealeulation the sedirnent oover has a laterally eonstant

30

O 2 4 E B 10km
I I I I I I

l° I
I

h-

——‘ä-h-H_—-1-
-5 "-—-._-——..'_"._"_-'..g—i_.n_——__—-=Eünc
ähi'ä‘

härh“-
2„ „„„... -- 'm‘"... . 3.....

“h.

l
|

\ HH‘_:‘:.:'-—.=H‘rm 100°C
3— i: ‘ |\ \

‘
\H HE4d H‘L—L'z-n — 150°C

l5 n}.
fi

i “an“ . _________ 2001:0
6—1

-- -n— -- t1‘ SÜODD f

-—-- — t2! 50000 y
t3=1000003r

Fig. 2. Hydrothermal model l (two-dimensional, symmetrieal)
Deep groundwater rises along a fault zone and builds up a thermal
anomaly. The dotted zones are assumed to be permeable, the
arrows indicate the direetion of the water flow. The isotherms
show the evolution of the anomaly in spaee and time. dT/dz:
33 deg/km is the temperature gradient of the undisturbed field.
The total amount of the deep groundwater flow is S = 100 mE/year
(=100 rnB/year for 1 rn length perpendioular to the figure plane).
In the centre of the anomaly at a depth z: 1,000 In a temperature
of about 100° C is obtained after 100,000 years, eorreSponding
to the observations in the Landau field

thiekness of 2,00011]. The thiekness of the aquifer is assumed
to be 200 m, eorresponding to the distanee step A2. The width
of the vertioal permeable zone in the basement is also assumed
to be 200 m.

The quantity S (flux of deep groundwater) is assumed to be
100 InE/y (i.e., 100 m3/y along 1m perpendieular to the plane
of the figure).

A deoisive parameter in our ealeulation is the original depth
2„ of the thermal water. To build up a thermal anomaly as it
is observed near Landau, we must assurne an original water depth
of about 6,000 rn, if the initial temperature distribution is assurned
as normal (33 deg/km).

The result of the oaleulation is shown in Fig. 2 in forrn of
isotherms. The shape of the anornaly and its evolution with time
can now be reeognized. After 100,000 years a state is reaehed
whieh is very similar to the observed temperature field in Landau.
For a eomparison of the model results with the observations.
we can eonsider on the one hand the temperature at z: 1,000 n1
in the centre of the anomaly, on the other hand the deerease
of the temperature with inereasing distanee frorn the oentre oi‘
the anomaly. Figure 3 shows suoh a eomparison: It ean be seen
that the observed temperature deerease (dots) agrees with the mor-
del results. There are, however, two reasons whioh allow onl}:
a qualitative eomparison between model and observation:

(l) The model is two-dirnensional and therefore not oompaa-
rable in detail with three-dimensional data (see Fig. 1b);

(2) in our model the eonduetivity (reSp. the diffusivity) ot‘
the sediment body is assumed as eonstant, whereas newest researeh
work (Sattel 1979; see also Werner and Fuchs 19??) shovvs an
inerease of the thermal eonduetivity with depth. In order to de
monstrate that the distribution of water flow within the sedimen-
tary cover does not influence strongly the ealeulated temperature
field we eonstruoted two further models. In eaeh model the quart-
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Fig. 3. The lateral temperature distribution at different depths
z after 100,000 years according t0 model 1. Für comparison mea-
sured values are shüwn platted a5 function of the distance frorn
the centre of the anomaly
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Fig. 4. Hydrüthermal m0del2. A5 distingnished frorn modell
water-bearing faults within the sediment body are assumed. With
this flüw pattern a quantity S 2-40 mzly is sufficient t0 build up
a similar temperature anomaly after 100,000 years
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Fig.5. Hydrothermal müde] 3. In this case the whole sediment
büdy is assumed t0 be permeable with a radial flow distribution
[arrows). The temperature field is shown für a flow S =33 mlly
after 100,000 years. A5 in the models 1 and 2 the original depth
2„ of the thermal water must be chosen t0 be 6,000 m. With
a smaller (116t 2„ tha Landau annmaly could not be explained
withnut changing the basic conditiüns of the model

tity S was chosen so that the maximum temperature is nearly
the same in the three models. The second müde] (Fig. 4) is an
attempt to divide thc groundwater flow into different paths. Für
this model the existence of permaable zones in the graben fill
is required. In this Gase a flux of water S 240 mzly was assumed
and the temperature distribution after 100,000 year's is shüwn.
The Original dapth 2„ is still 6,000 In. A comparison with the
model in Fig. 2 ShÜWS that the flüw pattern within the Sediments
is a secondary question.

This can be seen in the third model 100 (Fig. 5). Harn: wa
assurne that the whüle graben fill is permeable and that tha flüw
of water is radially distributed. The Situation in the basement
is the same a5 in the other models (Figs.2 and 4), and für this
example S =33 mlly. Figure 5 ShDWS tha isotherms für an age
01" the anomaly of 100,000 years.

The sequence 01° these modal examples could be nüntinued,
Changing the flow pattern in the sediments. The Original depth
2„ of 6,000 m must be considered as a minimum valua. Calculatians
with 2„r:6,000m cannüt fit the Observed anümaly if the same
order of magnitude of the flux S is supposed. This means that
Dur model i3 particularly suited für übtaining indications abüut
the quantities 2„ and S.

The Origin af the Deep Groundwater

In our model the quantity of the water is prescribad, i.e., the
hydromechanical causes an: not explained. WE aasume that these
deep waters are part of a wider circulation pattern. They accumu-
lated in the basement by percolation from the earth’s surface
and are therefore not interpreted a5 juvenila watars.

For the geothermal anomaly of Landau large parts Üf the
Pfalzer Wald come into question a5 sonnst drainage area. If we
assume a drainage area 100 km wide, the deep groundwater flux
S amounts t0 Süme 0.1% of the annual rainfall. This value is
sufficiently small t0 be considered a5 realistic. The original depth
of the water at 6,000 m leads tü the hypothesis Üf a ‘crystalline
aquifer’ in a similar depth. Seismic investigations indicated a zone
of about 10 km thickness with lnw seismic velncity (Müller et a1.
1973). Possibly there i3 a relation between this Züne and the postu-
lated aquifer.

A support to Dur müdel i5 the salinity distribution in the Lan-
dau field. According t0 Schad (1962), a Strang increase in the
salt Güntent of pore water is observed in the field from west
to east; within a few kilometers it increases früm 0 t0 130 g/l.
It is remarkable that the zone of fresh water almüst coincides
with the centre of the anomaly. This fact can be well explained
with the flow distribution of the müdel in Fig. 5. Asanming a
deap watar flow of fresh water, which displaces the saline püI‘B
water, an explanation of the salt distribution in the field is 0b-
tained. '

The Age of the Anamaly

lt appears from the models that the Landau anomaly is abüut
100,000 years 01d. Figure 6 ShOWS the evalutiün with time üf the
anomaly for the model in Figure 4, described by the increase
of the temperature in the centre of the anomaly für different
water fluxes S.

It follows from Fig. 6 that an estimate of the age can be differ-
ent depending on the Choice of S. Für example an age auf 100,000
years can be considerad a5 a minimum age für the Gase S = 50 Ing/y.
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Fig. 6. The time depending temperature in the centre of the ano—
maly at z: 1,000 m calculated for different water flows S according
to model 2. This diagram can be used for estimating the age of
the anomaly

But it is also possible that the anomaly is in a phase of progressive
evolution, hence in the area where the temperature curves of Fig. 6
show a marked increase. It must be noted that the quantity S
can vary with time; in our model S can be considered as a mean
value. With these assumptions the age of the anomaly can only
be correct to within an order of magnitude.

This time period of about 100,000 years is much smaller than
the age of the Rhinegraben (about 50 my). Accordingly, the
presented model does not include assumptions connected with
the rift building of the graben system. The process of rifting also
leads to a prominent geothermal anomaly, but in a depth range
which includes the lithosphere and the astenosphere (Werner and
Kahle 1980). We must therefore make a distinction between two
geothermal problems:

(a) the problem of shallow temperature anomalies (depth
range: a few kilometers; time: about 100,000 years);

(b) the problem of the thermal anomaly of the upper mantle
(depths down to 200 km; characteristic time about 50 my)

The very different orders of magnitude in space and time allow
us to consider them as independent. This means that our model
is not affected by the heat anomaly of the upper mantle. The
age of the shallow anomaly considered here is to compare with
the time period in which a permeable fault in the basement exists.

As the age of the anomaly is very small compared with the
age of the graben, the existence of a water-bearing fault can be
considered as a local ‘episode’ in the evolution of the graben.
This suggests the assumption that during the graben evolution
many such thermal events happened at different times and different
places.

Our model is clearly valid for a temporally and spatially
restricted Situation within the graben tectonics. The last 100,000
years are indicated by Illies (1978) as a period of increased tectonic
activity. This time span is well in accordance with the age of
our model anomaly.

A further support to the young age of the Landau anomaly
is the study of the degree of coalification of organic inclusions
in the sedimentary rocks of the Rhinegraben (Teichmüller 1970;
Doebl et a1. 1974; Teichmüller and Teichmüller 1977; Buntebarth
1978). The degree of coalification of this organic material depends
on the quantity temperature x time. Based on measurements of
the degree of coalification the age of a thermal anomaly in the
graben fill can be estimated. Investigations of Buntebarth (personal
communication) support the idea that the Landau anomaly is
a relatively young phenomenon, according with our model.
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Outlook

The presented model is oriented to the special case of the thermal
anomaly in Landau, but it could be applicated to other prominent
anomalies within the whole Rhinegraben (e.g., Soultz/Pechel-
bronn, Stockstadt). Less pronounced local anomalies could be
correspondingly interpreted with a minor source depth z0 or smal-
ler fluxes S. In any case a thermal anomaly would be connected
with a water—bearing fault in the basement. With this we generalize
the model for the case of Landau and assume that hydrothermal
processes of this type are active in the whole Rhinegraben.

This supposition leads to the problem of the hydraulic system
and of its causes. Such an hydraulic system includes a region
which exceeds the proper graben zone. The considerations of the
present paper are limited to the special part of the circulation
system characterized by ascending deep groundwaters. It would
be interesting to work out a hydromechanical model for the whole
water circulation system in the underground of the wider sur-
roundings of the graben, testing then the reality of our hydrother-
mal model.
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Magnetic and Gravity Investigations of the Dead Sea Rift
and Adjacent Areas in Northem Israel

Y. Folkman

The Institute for Petroleum Research and Geophysics, 1 Hamashbir Street, Holon, Israel

Abstract. Magnetic and gravity data covering a wide strip across
the rift, with dimensions suitable for crustal and upper mantle
investigations are presented and analysed. They suggest that the
thickness of the crust remains almost unchanged across the rift
and that the upper mantle is also normal. On the other hand,
the rift probably delineates the boundary of an upper crustal
lithological transition zone, characterized by an increasing mafic
component from east to west.

Local magnetic anomalies within the rift zone are believed
to be related to basalt flows instead of the commonly interpreted
intrusions. Based on this suggestion, fault patterns are delineated.
They support the sinistral strike-slip hypothesis for the origin of
the Dead Sea Rift.

Key words: Dead sea rift — Magnetic anomalies — Gravity anom-
alies — Crust — Upper Mantle.

Introduction

The structure of the Dead Sea Rift has been intensively investi-
gated for almost one hundred years. However, in the field of
geophysical crustal and upper mantle investigations, little has been
published based on continuous data measurements across the rift
(Knopoff and Belshe 1967).

This is the first study to present an analysis of gravity and
magnetic data which cover a wide strip across a segment of the
Dead Sea Rift. The dimensions of the strip are sufficient to allow
interpretation of deep crustal and upper mantle characteristics
as well as analyses of near surface features.

The investigated portion of the rift extends from Lake Kinneret
(Sea of Galilee) to the town of Kiryat Shemona (Fig. l). It forms
an elongate valley, five to eleven kilometers wide, and is bounded
by mountainous terrain —— the Golan Heights in the east and the
Galilee mountains in the west.

The geology in the northern rift valley has been described
in detail by Picard (1965), Horowitz (1973), Michaelson (1973),
Neev (1979), and Schulman (1962, 1978), and can be briefly
summarized as follows: until Late Eocene or Early Oligocene times,
the depositional environment in the area presently occupied by the
valley was marine and similar to neighboring areas. However, since
the Miocene and up to recent times, several phases of faulting and
block tectonics which were associated with the creation of the
rift resulted in the formation of inland lakes covering different
parts of the area. These followed rapid accumulation of thick
sequences of clastic deposits with minor chalks within deep gra-

0340—062X/80/0048/0034/501 .20

bens. In addition, two major phases of basalt eruption covered
the area. The earlier one occurred in Miocene times and is rep-
resented in neighboring areas by a thickness of up to 600 In of
the ‘Lower Basalt’ (Schulman 1962). The second phase, namely
the ‘ Cover Basalt’, followed intensive faulting activity during Late
Pliocene and Early Pleistocene times (Freund et al. 1965). It covers
the entire Golan Heights and parts of eastern Galilee. This ‘ Cover
Basalt’ is also found in the rift valley where major flows have
descended from the mountains.

According to the structure and morphology, three zones are
clearly distinguished in the valley. They are, from south to north
(Fig. 1).:

(a) Lake Kinneret (Sea of Galilee) depression with the lake
surface at 210 m below sea level.

(b) The Korazim block, a structural high rising to 500 m above
sea level and covered by up to 200 m of the ‘Cover Basalt,’ and

(c) The Hula basin, a topographic and structural depression
filled with a thick acoumulation (more than 700 m) of clastic sedi-
ments.

The elevated areas on both sides of the rift differ considerably
in their structure. In the east, the Golan Heights form an uplifted
syncline covered by hundreds of meters of basalts (Michaelson
1973; Mor 1973). In the west, the Galilee Mountains exhibit a
complex structure composed of transverse faults (i.e., normal to
the rift valley), tilted blocks and faulted anticlines. Outcrops are
composed mainly of carbonate rocks ranging in age from Early
Cretaceous to Early Tertiary (Picard 1943; Picard and Golani
1965)

The Data

The magnetic data consist of previous aeromagnetic surveys (Dom—
zalski 1967; Folkman 1971; Folkman and Yuval 1976) flown at
an altitude of 1,000m above sea level with a line spacing of
2 km. The gravity data were compiled from previous surveys and
investigations (Amitai 1962; Yuval 1966; Ginzburg 1960, 1968)
with additional recent measurements. The Bouguer anomalies refer
to mean sea level datum.

The aeromagnetic map (Fig. 1) clearly demonstrates consider-
able differences in the magnetic field across the rift. As one goes
from east to west, three zones, each characterized by distinctive
anomalies, can be distinguished. Over the Golan Heights, elon-
gated short wavelength high amplitude anomalies are arranged
in a sublinear pattern trending NE (Folkman 1978). Near the
eastern boundary faults of the rift valley, this pattern changes
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Fig. l. Aeromagnetie map, after Folkman and Yuval, 1976 Flight altitude — 1,000 In above M.S.L. Dashed linear delineate the rift
ZÜHE

abruptly into N-S trending eontours whioh elearly delineate the
eaetern boundary fault system. Further to the west, the anomaly
pattern ehanges again into well defined looal anomalies of various
orientatione oovering the rift valley and eastern Galilee. The west-
ern boundary faults of the rift are undeteetable on the magnetic
map.

The third zone having a oharaeteristio magnetio field extends
over the eentral and western Galilee, the ooastal plain, and the
eontinental shelf. Here, rarelyr affeeted by the complioated geolog-
ieal struoture, the magnetie field inoreases oontinuoosly westward.

The detailed oornpiled Bouguer anomaly map is not authorized
for publioation. However, the Inain gravity patterns are demon-
strated on a generalized map (Fig. 2) whieh Shows that a good
correlation usually exiats with the Inain magnetio patterns. Again,
the same three zones have typieal and yet different eharaoteristic
patterns of Bouguer anornalies. Over the Golan Heights, an axis
of a Bouguer low trending NE i5 looated in the south with a
rising gradient towards Mount Herrnon in the north. Within the
rift valley, two distinot negative anomalies oover the Hula basin
and the eastern portion of Lake Kinneret. Apart from these anom—
alies, the disturbanee oaused by the rift is almost unnoticeable.

Further to the west, over the Galilee, the Bouguer anomaly
map beoomes very similar to the magnetie map. The gradient
rises westwards with a dominant pattern of N-S trending oontours
that oannot be oorrelated with the known major struetural fea-
tures. Only over the eoastal plain and the oontinental ehelf ean
local anomalies be separated from the regional field and be oorre-
lated with struotural features.

Interpreted Crustal Strueture

The gravity and magnetio fields over the Galilee, whioh a3 de-
soribed above, are not oorrelatable with looal struotures, resemble
that of a regional oomponent with only minor superimposed loeal
effeets. It may, therefore, be justified to assume eausative strue-
tures whioh lie deeper in the erystalline ernst or upper mantle.
However, the magnetio field exeludes a mantle solution beeauee
the Curie point i5 most probably reaohed near the Moho, under
local conditions of a normal thermal gradient (Ben Avraham et
a1. 1978; Eckstein 1976) and a erustal thiokness of approximately
30 Km (Ginzburg et al. 1979).

35



35°oo ss°oo
I I

f /3' E) i3 l 00t1, "3 “u Ü 3ir “H m “‘
t, 't 03 4b

tqt
”r m5 G‘DLAN

{g THE GAU; HEIÜHTS

/ss°oo'w „f 0
-ss°oo

e „3

‚L50

I70

35°oo' ss°oo'

Fig. 2. Generalized relative Bongner anornaly rnap. Contonr inter-
val 10 milligals

The pattern of the magnetie eontonrs, as demonstrated in Fig.
l, allows a two dimensional interpretation along E-W oriented
profiles aeross the entire area. The short wavelength high ampli-
tncle anomalies in the east are obviously eansed by near surfaee
basalts. They are snperimposed on the main regional eomponent
and Inay be filtered ont by ehoosing the best fitted zero eurve.
The interpretation of this enrve yields a ernstal model with N-S
trending disoontinnities aeross whieh lateral variations in rook
magnetization oeenr (Fig. 3). The inereasing magnetization west-
wards probably indioates an inerease in the mafie eontent of the
roek type. Thns, aeeording to this interpretation, the rift and
its eastern side are nnderlain by a ernst whioh is different in
oornposition froIn the ernst nnderlying the western side of the
rift.

This hypothesis is snpported by the interpretation of the Bon-
gner gravity anomaly whieh is again based on two dimensional
modeling along the same profile (Fig. 4). The Bongner anornaly
profile shows a steep gradient over the Galilee which beoomes
more moderate over the Mediterranean eoastal plain and oontinen-
tal shelf, where low density marls fill a large sedirnentary basin
of Neogene age (Gvirtzman 1969). The gravity effeet of the basin
has been ealenlated and stripped off the anomaly, thns eansing
a eontinnation of the steep gradient also over the ooastal plain
and the eontinental shelf, as demonstrated in F ig. 4.

The resnltant regional eomponent of the Bongner anomaly
may be explained on the basis of the following three models:

(a) Lateral density variations in the npper mantle, whieh form
an anomalons low density lens under the rift zone

(b) thinning of the ernst towards the Mediterranean Sea
(e) lateral lithologioal variations in the erystalline ernst aeross

N-S trending discontinnities, with the density inoreasing west-
wards.

The first explanation is nnaeeeptable beoanse the Bongner anom-
aly map of Syria (Bnrean Gravimetriqne International 197l;
Tiberghien 1974) shows that the Bongner valnes in the east eon-
tinne to deorease towards a regional low over sontheastern Syria.
This means that if an anomalons low density lens exists in the
npper mantle, then its axis shonld be songht after nnder sontheast-
ern Syria, while over the eoastal plain of northern Israel, only
minor gravit}r effeots would be notieed.
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The seoond explanation is probably the most aeeeptable one
for eentral and sonthern Israel (Folkman 197’6; Ginzbnrg et al.
1979). However, aeross northern Israel the magnetie anomaly ean-
not be explained by ornstal thinning and, therefore, the third possi—
bility is more attraetive; it presents an interpretation model, shown
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Pig. 6. Interpreted transverse and oblique fault patterns in the
rft zone. N denotes a block interpreted to be free of basalt cover

in Fig. 4, which is almost identical with the one derived from
the magnetic data.

It can be concluded, therefore, that the magnetic and gravity
data suggest variations in the lithological composition of the crust
across the northern segment of the Dead Sea Rift. Under the
rift and its eastern side, magnetization and density of the rock
type are relatively lower, whereas under the region west of the
rift, the magnetization and density increase towards the continental
shelf, probably indieating an increase in the proportion of mafic
minerals in the rock type.

Local Anomalies in the Rift Valley

Gravity

Two distinot negative anomalies are located over the Hula basin
and the southern and eastern portions of Lake Kinneret (Fig.
2). They clearly define deep depressions filled with thick accumula—
tions of low density sediments and separated by a structural high.

Assuming a density contrast of —0.5 g/cm3 between the dense
limestone and dolomite of Cretaeeous age and the soft clastie
fill, the depth to the bottom of the depressions has been calculated
by an inversion technique (Bott 1960), after removal of the
assumed regional component of the Bouguer anomaly as shown
in Fig. 5. A depth of 2,000 m was calculated to the Cretaceous
carbonate rocks in the deepest part of the Hula basin and also
under the Jordan River, just south of Lake Kinneret. The inversion
models also indicate normal step fault boundaries east and west
of the interpreted depressions.

Magnetics

Unlike the Gulf of Elat (Allan 1970; Allan and Morelli 1970)
and the southern portion of the Dead Sea Rift (Folkman and
Yuval 1976; Neev and Hall 1976) whose typical magnetic field
is smooth, the northern area is characterized by short wavelength,
well defined local anomalies, some of which probably indicate
reversely magnetized basalts (Fig. 1). Those anomalies which delin—
eate causative bodies of a three dimensional type, could well be
interpreted as being caused by igneous intrusions, the existence
of which has been speculated (Picard 1953; Vroman 1958).

However, the same anomalies can be more simply explained
by bodies of extrusive material formed during several periods
of basalt eruption, particularly in Late Pliocene and Early Pleis-
toeene times. In this area, the most expected causative bodies
may belong to the following three groups:

(a) local aceumulation of basalts in a pre-existing topographic
relief,

(b) vertical displacement across a faulted sheet of basalt, and
(c) successive crystallization of normal and reversed magnetized

flows.
In those places where basalts crop out, the magnetic anomalies

usually correlate reasonably with the outcrops. It seems, therefore,
justified to suggest an interpretative approach based on extrusive
material only. In this case the existence of dykes is obviously
not supported by any direct evidence. On the other hand, magnetic
anomalies can be used for the delineation of major faults and
the estimation of vertical movements of blocks before and after
the main periods of basalt eruption.

Let us first consider the Hula basin in the north (Fig. 6).
Here, the deep depression based on the gravity interpretation is

37



|00000044||

bounded in the north and south by a pattern of NW-SE trending
elongated magnetic anomalies which most probably delineate ‘ step
models’ or faults in a sheet of basalts, provided that one assumes
dominant normal magnetization.

A fault pattern of this kind has been previously suggested
by Freund et a1. (1970) to account for the interpreted rhomb-
shaped graben of the Hula. However, its existence has never been
supported by direct observations because of the thick eover of
young sediments. Thus the combined magnetic and gravity study
is the first to detect and delineate the major rhomb-shaped faults
of the Hula graben which have a downthrow of up to 2,000 m.

A transverse fault pattern has probably also dominated the
tectonic history of the Lake Kinneret depression. Here, the mag-
netic field is very smooth in contrast to the surrounding areas
either beeause the causative basalts are deeply burried under the
lake, or because most of the area occupied by the lake formed
an elevated ridge during the periods of eruption and therefore
was not covered by basalts.

The dominant magnetic features which have also been detected
on a follow-up ground survey (Ben Avrahan, personal communica—
tion) comprise a transverse low separating two distinct highs across
the lake (Fig. 1). Again assuming dominant normal magnetization,
a straightforward solution would relate this pattern to a block
structure divided by transverse faults as shown on Fig. 6. The
positive anomalies represent blocks which are covered by basalts,
whereas the negative anomaly is interpreted as being caused by
the absence of a basalt cover. If this is the ease, then the positive
anomaly near the northern coast of the lake probably describes
an accumulation of basalts which descended from the north and
were dammed by a barrier formed by an elevated transverse block.
Consequently, the positive anomaly occupying the central portion
of the lake probably describes a block tilted to the east with
a maximum thickness of basalts covering the lower eastern side.

The magnetic evidence strongly supports Neev’s (1979)
suggested structural solution in which the northern portion of
the lake is shown to have been an elevated continental block
until 13,000 years ago. Moreover, the magnetic study clearly delin-
eates the faulted boundaries of the block and may thus help to
detect brine springs which contaminate the lake. These springs
are known from onshore observations to ascend along fault planes.

The western and higher portion of the tilted block, suggested
as occupying the central portion of the lake, may be a part of
the NNE trending antielinal ridge postulated by Michaelson (1973)
to be buried under the western margins of the lake.

Structural Implications

The magnetic and gravity anomalies clearly indicate that unlike
some other portions of the East African Rift system, which are
associated with a regional thinning of the lithosphere and an ex-
treme thinning beneath the rift floor (Girdler 1978), the northern
segment of the Dead Sea Rift is probably underlain by a normal
crust and upper mantle.

Unlike the Red Sea magnetic anomalies which are generally
accepted to indicate sea floor spreading, here an explanation based
on basalt flows is more convincing, hence the Red Sea structural
model is not considered applicable for the Dead Sea rift even
in the northern segment where well defined local magnetic anom-
alies are shown.

Some crustal thinning under the rift between the Dead Sea
and the Gulf of Elat was suggested by Ginzburg et a1. (1979)
based on explosion seismology. Further investigations of the same

38

seismic data (Perathoner et al. 1979; Ginzburg et a1. in press)
have indicated vertical lithological variations near the base of
the crust under the rift, and a normal lower crust under the western
side of the rift. Unfortunately, the seismic experiments did not
cover the eastern side of the rift and, therefore, the possibility
still remains that the crustal type under the rift also extends to
the eastern side. This implies that the rift zone is adjacent to
some kind of a lateral lithological transition in the crust. This
lateral transition zone is strongly supported by the magnetic and
gravity anomalies over the northern segment of the Dead Sea
rift and adjacent areas. Under the rift and its eastern side, the
crust is interpreted to be characterized by low magnetization and
relatively low density. West of the rift, however, these properties
gradually increase, probably indicating an increase in the mafic
oontent of the crustal rock type. A similar model has been previ—
ously suggested by Knopoff and Belsche (1967) for the portion
of the rift between the Dead Sea and Lake Kinneret.

Although the investigated portion of the rift does not coincide
with the interpreted boundary of the crustal lithological transition,
its vicinity supports the classic view of movements along a compli-
cated transform fault system (Quennell 1958, 1965; Freund et
al.‚ 1970; Freund and Garfunkel 1976). This view is also supported
by the detection of transverse and oblique fault patterns which
divide the rift floor into a complicated block structure.
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Changes of Structure, Phase Composition and Electric Conductivity
Under High-Temperature Oxidation of Titanomagnetites

V. Kropaöek and M. Lastoviökova
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Abstract. Temperature dependence of electrical conductivity in
the temperature range from 200 to 900° C has been measured on
a set of 17 magnetic fractions separated from Tertiary and
Quaternary basaltic rocks of the Bohemian Massif. Under par-
tial oxygen pressure of 0.1—1.0 Pa and temperatures over 600° C,
conditions under which the sample can oxidize, and phase and
structural changes occur in the specimens. Generally the electri—
cal conductivity a was found t0 decrease with increasing degree
of oxidation z. A possible mechanism of electrical conductivity
and the corresponding distribution of cations is proposed t0
explain the results. For z<0.4, the mechanism of valence trans—
fer predominates, whereas for z>0.4 the mechanism of con—
trolled valency is most important.

Key words: Titanomagnetic — Thermal treatment — Electric
conductivity.

Introduction

The process of oxidation of titanomagnetites Fe3_xTixO4,
changes in the distribution of cations, and phase changes in the
representation of individual spinel and other phases connected
with this process, have been studied by a number of authors
(Readman and O’Reilly 1970, 1972; Bleil 1971, 1975;
O’Donovan and O’Reilly 1978). In most of these papers mag-
netic measurements were used t0 obtain an idea of the distribu-
tion of the cations into sublattices. However, direct use of
magnetic measurements in restricted by the highest Curie tem-
perature of titanomagnetite, about 500°C. Therefore, in this
paper an attempt has been made t0 use another structurally
sensitive physical parameter, electrical conductivity, t0 charac-
terize the process of oxidation at temperatures up t0 900° C.

Experimental Methods

Seventeen titanomagnetite specimens separated from Tertiary
and Quaternary basaltic rocks of the Bohemian Massif (Kropa-
öek 1974, 1977) were used. Specimens of the magnetic fractions
were obtained by repeated magnetic separation in an A.C. field
and by cleaning with the aid of heavy fluids. The resultant purity
of the magnetic fractions was between 90 and 95 0/0. These
powdered fractions were used t0 prepare specimens for measur-

0340-062X/80/0048/0040/801.40

ing electrical conductivity. The specimens were of cylindrical
shape, 8 mm i.d. and 6 mm high. They were compressed under a
pressure of 300 MPa in a fixture of Ti-bronze. A 5% admixture
of talc was used as a plasticizer. The effect of the low-conduc—
tivity talc On the electrical conductivity o and on the activation
energy E0 was checked in a series of measurements using speci-
mens with different concentrations of talc (from 1.0 t0 75%).
These measurements (Lastoviökova and Kropaöek 1979) were
used t0 determine corrections (A loga(200° C): —0.25 and AE0
= —0.12eV) which are practically constant in the temperature
interval 200°—900° C, for the content of talc 2—5 %. Electrical
contacts were of ‘silver pain’ paste which was not contaminated
by the specimens. A two-electrode connection with a source of
stabilized voltage and a continuous record of the electrical
conductivity and temperature were used. Specimens were heated
in a flow-through Ar-atmosphere with a partial oxygen pressure
P02N0.1—1.0 Pa.

Structures and phase composition of the specimens were
determined by means of a X-ray difractometer DRON 2.0 with
C0 radiation (Fe filter) and in some cases with a graphite or
quartz monochromator. Calibration was carried out with the aid
of NaCl p.a. Diffraction intensities were recorded over an
angular range of 29=20°—80°, for selected sections using a
scanning interval of 28=0.05° and an integration time of 40—
200 s. High temperature X-ray measurements were made in a
UPVT-1500 diffractometric chamber in a vacuum of 10‘5 Pa.
Reflections were evaluated by means of a three-point parabola
with correction for the Lorentz polarization factor, and lattice
parameters were determined by the least-squares method (Aza—
roff and Buerger 1958).

The degree of oxidation of titanomagnetites z is defined by
the following relation (O’Reilly and Banerjee 1966):

F€2+ +1/2ZO —+ zFe3+ + (1—Z)Fez+ +1/2Z02-.

First, z was determined by conventional chemical analysis from
the relation

z=[2(1+x)(M+3L+2K)—8M]
><[(1+x)(3M+6L+4K)]‘1,

where x is the content of ulvöspinel in the titanomagnetitc,
(1—.\')Fe3O4>< FezTiO4M is the content (mol%) of FeO, L the
content of FeZO3, K the content of TiO‚_ (Ozima et al. 1974);
and secondly by X—ray analysis using the intensities of reflectiou
111 (Readman and O’Reilly 1972) and from the intensities 01
reflections 110, 210, 211, 310, 321 (Gendler and Kropaöek 1979;.
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Table l. Composition parameters of magnetic fractions and its changes during the thermal treatment; MT titanomagnetite, HI
hemoilmenite, PB pseudobrookite, R+ A rutile and anatase

Group Spe- Natural state After heating up t0 900° C
cimen
n0. Fe“ Fe3+ Ti4+ E] x z a [nm] MT HI PB R+A z a [nm] MT HI PB R

1 201 1.38 0.85 0.68 0.09 0.68 0.15 0.8465 92 — — —— 0.10 0.8470 80 10 —— —
206 1.11 1.13 0.60 0.16 0.62 0.28 0.8447 85 10 — —— 0.25 0.8434 80 10 5 —
227 1.04 1.38 0.43 0.13 0.44 0.25 0.8427 96 — — — 0.05 0.8459 80 6 — 10
249 0.13 1.96 0.46 0.45 0.48 0.90 0.8376 92 — — — 0.40 0.8427 90 — — —
256 0.97 1.90 0.09 0.04 0.09 0.10 0.8398 83 — — 10 0.06 0.8423 85 — — 5
257 0.96 1.91 0.09 0.04 0.09 0.11 0.8433 93 — — — 0.08 0.8431 93 — — —
259 1.38 0.88 0.65 0.09 0.65 0.15 0.8468 93 — — — 0.12 0.8472 90 5 — —
298 0.46 1.70 0.50 0.34 0.50 0.66 0.8373 92 — — — 0.34 0.8405 92 — — —

II 202 1.58 0.69 0.69 0.04 0.70 0.06 0.8467 94 — — — 0.70 0.8378 40 15 20 20

218 0.93 1.35 0.52 0.20 — — 0'8436 90 — — — 1.00 0.8342 28 42 23 —
0.8425

220 0.15 2.40 0.12 0.33 0.14 0.85 0.8349 80 — 8 7 0.80 0.8377 45 20 20 5
230 0.94 1.92 0.09 0.05 0.10 0.13 0.8398 85 5 3 — 0.30 0.8386 52 30 6 7
235 0.20 1.88 0.49 0.43 0.50 0.85 0.8366 90 3 — — 0.80 0.8377 55 20 12 5
238 0.40 2.07 0.24 0.29 0.25 0.65 0.8336 90 5 — — 0.66 0.8376 42 20 30 —

263 1.22 1.10 0.60 0.08 0.60 0.15 0.8443 85 7 — —— 0.65 0.8357 72 15 — 5

288 1.23 1.14 0.53 0.10 — — 03445 90 — 4 — 1.00 0.8345 50 15 23 5
0.8388

297 0.10 1.90 0.58 0.42 0.60 0.90 0.8348 80 12 2 — 0.93 0.8351 30 58 — 6

The number f of vacancies per formula unit of titanomag- a
netite was determined from known values of the parameter x [nm] 201
and z as follows:

202
0.854 <

f:[3z(1+x)][8+z(1+x)]‘1‚

assuming the formula of titanomagnetite t0 be

Fefi+Fe3+Tij+ Elf 03;. 0.850 .
/

Amounts of the individual phases (titanomagnetite, hemoil-
menite, pseudobrookite, rutile, anatase) were determined by X—
ray quantitative phase analysis with an accuraey of i2.5 %. For
low contents (2—5 %) the existence of these phases was de- 0'846 i

termined only qualitatively. From eonventional chemical analy- 400 800 'I"l°C]
sis only FeO, Fe203‚ T102 were determined. 4 . fi ' w ' 2 ' w

300 700 1100 TIKlThe temperature dependence of specific heat cp was mea-
sured using a DSM-2 differential scanning microcalorimeter in
t'ne temperature range of 20°—500o C. Differential thermic analy-
818 (DTA) and thermogravimetric analysis (TG) were obtained
with a Derivatograph instrument in air in the temperature range
01 20°—1‚000°C and a rate of 10° C/min.

Experimental Results

X-ray measurements indicated that titanomagnetite at various
stages of oxidation constituted the largest part of the magnetic
f'actions beside other phases such as hemoilmenite, pseudo-
hrookite, and rutile, as indicated in Table l.

Composition of titanomagnetites Fe3_xTixO4 varies over the
range x=0.08—0.70‚ and the oxidation parameter z varies be-
tween 0.06—0.90. The lattice constant of the cubic phase in our
Stsmples was within the interval a=0.8336—0.8468 [nm] (Ta-
bie 1).

Fig. l. Temperature dependence of lattice parameter a[nm] for
the specimens 201 and 202 in vaeuum

For two specimens (Nos. 201 and 202) the dependence a(t) of
the lattiee constant a on temperature t[°C] was measured in the
range 20°—900°C (Fig. 1). a(t) can be described by the relations

for No.201

for N0. 202.

a=0.8465+6.082 x10‘6t+4.283 x 10—91?2

a=0.8467+2.733 x10‘6t+6.035 ><10‘9t2

From high-temperature X-ray measurements we determined
that n0 phase changes took place in specimen N0. 201, whereas
in specimen No.202 3—5 O/0 hemoilmenite and rutile appeared
above 700° C. The working vacuum was ‚010-4 Pa. Curves from
differential thermoanalysis (DTA) and thermogravimetry (TG)
have been used for determining titanomagnetite oxidation states
during heating in air (Figs. 2 and 3). From the DTA curves it is
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apparent that the first stage of oxidation produces exothermic
effects in the temperature range 450° to 800°C with the greatest
enanges occuring between 600° and 700° C. At higher tempera-
tures of 800° to 1,000°C the changes are endothermic. Similar
results have been found from the thermogravimetric analysis
(TG), where the oxidation processes also resulted in an increase
01‘ sample mass. The maximum rate of oxidation has again been
found between 600° to 700° C, whereas above 800° C the mass of
the samples has remained constant. X-ray phase analysis yielded
the results that after heating the samples to 1,000°C in air the
cubic phases had transformed into hemoilmenite, rutile,
pseudobrookite and anatase.

The temperature dependence of the specific heat cp (Fig. 4),
determined in nitrogen and air, suggests formation of states with

T

lower enthalpy AH= f cpd T during oxidation of titanomag-
T1

netites, that is formation of more stable phases at normal
oxidizing condition. After heating to 900°C at a rate of
10° C/min and cooling in a Ar-atmosphere with P02N0.1—1.0 Pa
(for the conductivity measurements) marked changes occurred in
the strueture and phase composition of the specimens. These
changes can be divided into two categories and the specimens,
depending on these changes, into two groups.

The first group of specimens (Nos. 201, 206, 227, 249, 256,
259, and 298) is characterized by a moderate decrease of the
values of the oxidation parameter z (i.e., the stoichiometry of the
specimens increases), and no other detectable phases are ereated.
The average value of Z is 0.32 in the natura] state and 2:20.18
after thermal treatment. Accordingly the value of the lattice
constant ä is found to have increased slightly, from 0.8423 to
0.8443 nm, after the thermal eyole. The content of any newly
generated phase in this group is minimal and does not exceed
10 ‘X, on the whole (Table 1).

As regards the second group of specimens (Nos. 202, 218,
220, 230, 235, 238, 263, 288, and 297) very marked ohanges take
place under thermal treatment. A whole series of other phases is

generated (hemoilmenite, pseudobrookite, rutile, and anatase)
and the content of the spinel phase decreases as much as to 28 0/0
of the original value. The lattice constant also decreases from ä
= 0.8495 nm in the initial state to ä=0.8365 nm after thermal
treatment. Correspondingly, the oxidation parameter z increases
markedly from the original 2:0.48 to about 0.83. Therefore,
intensive oxidation associated with the generation of new phases
takes place in the second group of specimens under thermal
treatment with the following average proportion of phases: non-
stoichiometric titanomagnetite 40—50 %, hemoilmenite 20—25 ‘70,
pseudobrookite 15—20 0/o, rutile and anatase 7—15 %.

Average values of the electrical conductivity at t=200°C of
the specimens of the first group (log 01: —6.343 [Qm]‘1) are
distincly higher the the average values of the second group
(log an: —7.942 [Qm]‘1); a smaller difference is preserved at a
temperature of 600°C (log 01: —2.956 [Qm]‘1, log an:
—3.546 [Qm]‘1) (Table 2). Statistically significant relations, for
which the correlation ooefficient r>rcm=0.71 (for N =8 and a
95 ‘X, probability) at a temperature of 200° C, are only observed
in the first group:

loga(200°C)= —9.45 +2.935b (r: +074), (1)
log 0(200o C): — 5.02 — 7.960f (r z — 0.78), (2)
log 0(2000 C) = — 7.35 +177 b — 4.49f (r = 0.84),
if we express titanomagnetite formula unit as

Feä+ Fec3+Tij+ Elf Oä’.

At a temperature of 600°C in the first group of the specimens
attain statisticaly significant values of the coefficients of oor-
relation for other relations:

log 0(600° C): — 1.76—7.16f (r: —0.80), (3)
log 0(600° C): — 5.45 + 2.50 b (r = + 0.75), (4)
log a(600° C): — 3.29 + 1.16 b — 4.88f (r = 0.78).

Table 2. Electrical conductivity a at temperatures 200°C and 600° C, activation energy E0 in the
temperature intervals 200°—400° C, 600°—700°C and 800°—900°C

Group Speeimen log a (200° C) log 0 (600° C) EO [eV] E O [eV] E 0 [eV]
no. [Qm] ‘ 1 [Qm] ‘ 1 200°—400° C 600°—700° C 800°—900° C

I 201 — 5.717 — 2.550 0.79 0.76 1.58
206 — 6.745 —2.594 1.08 1.51 1.70
227 — 7.092 —4.250 0.45 1.20 1.15
249 — 9.007 —— 5.264 0.58 1.25 1.32
256 —6.430 -—2.695 1.52 0.53 0.11
257 —4.614 —— 1.303 0.75 1.30 —
259 — 4.309 — 1.441 0.69 0.48 1.72
298 — 6.230 — 3.523 0.98 1.39 0.85

1.! 202 — 8.030 —— 3.625 1.41 2.01 1.88
218 —7.114 —1.354 1.16 1.34 0.46
220 — 8.283 — 5.143 0.48 0.86 2.44
230 —— 8.827 —4.701 0.50 1.57 ——
235 —7.991 —3.251 0.88 0.71 3.00
238 —8.551 —4.229 1.01 1.12 2.50
263 — 7.577 —4.126 0.55 1.16 1.91
288 —— 6.538 — 1.399 1.28 0.80 0.42
297 — 6.230 — 3.523 0.98 1.39 0.95
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For the second group there is no statistically signifieant
correlation between loga and any of the other parameters
eonsidered; higher values were only observed for rloga(200)‚b
:0.56 and rloga(200),f= ——0.40.

Temperature dependence of the electrical conductivity for
the specimens of the first group is shown in Fig. 5 and for those
of the second group in Fig. 6. The comparison of Figs. 5 and 6
indicates that specimens of the first group display a relatively
low increase of a with temperature. The second group displays a
high increase of a with temperature, particularly above 600° C.
To describe the dependence of the electrieal conductivity on
temperature we used

a=aoexp(—Eo/kT>‚
where E0 is the activation energy, k Boltzmann’s constant and T
the absolute temperature.

Values of EO for the individual temperature intervals derived
from the above relation differ considerably between specimens
of groups I and II (Table 2). For specimens of group I, with the
exception of the temperature interval of 400°—600° C, activation
energies between specimens are practieally eonstant, and proba-
bly one type of eleetrie eonductivity predominates. For speci-
mens of the second group, values of EO tend to be considerably
higher above 600°C than those of the first group; we may,
therefore, assume the existenee of other types of electric eon—
ductivity.

Discussion

According to Verwey et al. (1947) the generation of eleetric
current in ferrites can be envisaged as a process of an electron
transition between ions according to the following general pat—
tern:

q+ r+ —'> (q+1)+ (r—1)+
M<1)+M(2) ‘— Mu) +M<2> ° (5)

According to this model of valenee transfer, if ions of the same
element exist in a erystal at equivalent loeations and differ in
valency by unit, transition of electrons will be easy and the
electrieal eonductivity Will be high. Values of the activation
energy E0, on the other hand, will be low.

In titanomagnetites Fe2+ and Fe3+ ions may exist in octa-
hedral (B), as well as tetrahedral (A) positions. Valence transfer
will be posible only between ions in either (A—A) or (B—B)
positions. These measurements (Tables 1 and 2) have shown that
the value of log a(200° C) is small dependent on parameter x and
more dependent for temperature t=600O C. Therefore, it is prob-
able that part of the Fe2+ ions will be located in the tetrahedral
(A) positions and the cations will be distributed as

Fei” Fe,2+ [Fegf Feä+Tig+ f]0i’ ,

where k+m=(2—2x+p)/L, l+n:(1+x)(l —z)/L, d=x/L,
f23p/8L and p:z(l +x), L: l +p/8.

As indicated by Eqs. (2) and (3), log 0 reflects the effeet of the
degree of oxidation z expressively, i.e.‚ with inereasing non-
stoichiometry the eleetrical conductivity decreases markedly.
This can be explained by a decrease of Fe2+ ions with increasing
value of the number of vacanoies f (or of z), and consequently a
decrease of Fe2+ —Fe3+ pairs, because the ereated vaeaneies do
not contribute to the conductivity. The decrease of loga with
deereasing content of Fe2+ ions is determined by Eqs. (l) and

(4). For specimens of the second group, the tendencies observed
are very similar; however, values of the correlation coefficients
are lower than the critical values for a 95 ‘Z, probability.

It is clear that the content of Ti4+ ions which distinctly
prefer octahedral positions will also play a role in the mecha-
nism of electrical eonductivity because one may assume re-
arrangements of the type

ßFe3++yFe3++öTi3+ <——’ öTi4++yFe2++ßFe3+‚ (6)

ß >y, ö, i.e.‚ the mechanism of eontrolled valence with the aid of
admixture ions (Krupiöka 1969). In this case current carriers will
be electrons localized on Fe2+ cations and generated by ioni-
zation of the Ti4+ —Fe2+ pairs, which represent donor centres.
The number of earriers will be proportional to the number of
Ti4+ cations, i.e.‚ to the value x. The energy required to ionize
the Ti4+ —Fe2+ pair will be higher than that required to ionize
the Fe2+ —Fe3+ pair, but it will be markedly lower than for
pure maghemite (y—Fe203), where transitions between levels
Fe3+ +Fe3+ <——’Fe2+ +Fe4+ mainly occur to preserve the con—
dition of eleotron neutrality. With the titanomagnetites the value
of loga should be proportional to the eoncentrations of Ti4+
cations.

Also the values for selected specimens are: No. 220 (x=0.14,
f=0.33; log 0(200° C): — 8.283 [Qm] “ 1) and No. 298 (x 20.50,
f= 0.34; log a(200° C) = — 6.230 [Qm] " 1) which differ signifi-
eantly only in the x-value and not in concentration of vaeancies.

The observed smaller mean values of the activation energy
EO for the first group as compared to the second group (Table 2)
in all temperature intervals also can be explained on the basis of
these mechanism of electrical conduetivity.

Conclusion

1. In the process of high-temperature oxidation of titanomag-
netites at temperatures of up to 900°C and partial oxygen
pressure of 0.1—1.0 Pa two types of Changes occur:

(a) Inerease of the degree of stoichiometry without the gen-
eration of other phases;

(b) oxidation of titanomagnetites with the generation of new
phases of hemoilmenite, pseudobrookite, rutile and anatase.
2. The electrieal conduetivity of titanomagnetites dependends
on the degree of oxidation z. For z<0.4 and x<0.7 the mecha-
nism of valence transfer (Fe2+ +Fe3+ <——’ Fe3+ +Fe2+) with low
values of the aotivation energy predominates. For z>0.4—0.5
and x>0.7 the mechanism of controlled valency [Eq.(6)]. The
aetivation energy is higher.
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Abstract. The maximum velocity amplitudes (Avmax) of P and S
waves in different period bands are studied using filtered broad—
band records from the KHC Seismic Station. Two sequences of
shallow earthquakes from the Tadzhik-Sinkiang border and from
North-eastem China with magnitudes mb between 5.0 and 6.3
are investigated. Amplitude-periodband (APB) diagrams are
constructed for each event. The largest values of Avmax are found
in the period band from 2.2 to 10 s for P waves and from 3.4
to 23 s for S waves. A shift of the maximum in the APB diagrams
towards longer periods for earthquakes with mb > 6.0 is observed.
For events with mb<6.0 the position of the maximum Virtually
does not depend on the magnitude. This phenomenon seems to
be related with the process of wave generation in the focal region.

Key words: Seismology — Earthquake magnitude — Maximum velo-
city amplitudes — Broadband records.

Introduction

A more profound knowledge of the physical principles of the
earthquake magnitude seems to be one of the substantial condi-
tions for an improvement of routine magnitude determinations.
Especially, a comprehensive investigation into the properties of
the observational basis of the magnitude, the maximum ratio of
amplitude and period (A/T)max for the individual wave types, is
very desirable. In this context the behaviour of the quantity
(A/T)max in different period ranges appears to be essential. Several
papers reporting on results of investigations in this direction have
been published (Korchagina and Moskvina 1972; Zapolskij et a1.
1974; Aranovich et a1. 1977; Roglinov et a1. 1978).

The aim of the present study is to analyze the maximum velo-
city amplitudes of P and S waves in the period range from 1
t0 170 s on the basis of a sequence of filtered broadband records
for two series of shallow earthquakes.

l Observational Material and Method of Data Procmsing

F or the present study two sequences of shallow earthquakes from
the Tadzhik—Sinkiang border (TSB) and from North-eastern China
(NEC) were used. The parameters of the individual earthquakes
are listed in Table 1. The respective observational material was
O'Btained from the magnetic tape library of the FBV Broadband
Sc’ismograph System operating at the KHC Seismic Station (Ka-
äperske Hory in South Bohemia, (p:49°07.8’N, ‚1:13°34.8’E). The

variation of the epicentral co-ordinates is so small that the wave
propagation paths to KHC are nearly the same for all events
in each series. The epicentral distances for the TSB and NEC
events are, respectively, about 43° and 69.5o

The FBV system has a Hat-velocity response in the period
range 0.3< T< 300 s. Each component (Z, NS, EW) is recorded
bi-level in an overall dynamic range of 80 dbs on 12-track FM
magnetic tape. For the processing of the tapes the DPS Data
Processing System containing proper analogue and hybrid devices
is used in the Geophysical Institute at Prague. Both systems are
described in a preVious paper by Plesinger and Horälek (1976).

To obtain the data in the form needed for the present study
the FBV records were processed in the following way. The vertical
and the horizontal components of each event were passed through
a set of twelve one-octave 4th-degree Butterworth filters. The pass-
bands of the individual filters and their centre periods are given
in Table 2. The centre periods cover the range from 1.5 to 128 s
in half-octave steps. Simultaneously, a procedure of particle mo-
tion analysis that discriminates P, S, and LR waves was performed.
The outputs of the individual filters and the output of the particle
motion analyzer were recorded by a linear multichannel high-speed
heat-pen recorder (see Fig.1). On each of the filtered records
three quantities of the P and S wave groups were measured for
every component: the maximum amplitude from trough to peak
or Vice versa, the period corresponding to the maximum amplitude,
and the time differenoe between the first onset of the wave group
and the occurrence of the maximum amplitude. In the majority
of Gases the signal-to-noise ratio was high enough to enable an
undistorted evaluation. It became necessary, however, to employ
also few wave groups with amplitudes comparable with those
of the noise in the respective period band in order to find out
the general trends and the maxima of the curves investigated in
Sect. 2.

Since the FBV system has a broadband Hat-velocity response
the maximum amplitudes determined in the way outlined above,
converted into ground velocity and divided by 27:, directly give
the value of (A/T)max which is the basic parameter for magnitude
estimations.

2. Amplitude-Periodband Diagrams

For the graphical representation of the dependence of the maxi-
mum velocity amplitudes on the filter passbands we use the term
‘amplitude-periodband diagrams’ in this paper and denote them
briefly APB diagrams. These diagrams are analogous to the so-
called ‘Velocity spectra’ introduced by Bune et al. (1973) and Za-

0340-062X/80/0048/OO47/501 .40
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Table l. Parameters of earthquakes

Event Date Origin time Latitude Longitude Depth (km) mb Source

TSB 1 ‚ 11 01:13:55 39.34N 73.76E 7 6.21
2 ll 05:12:35.1 39.33N 73.75E 48 5.3
3 11 05:23:57.3 39.32N 73.75E 72 5.4
4 1974 August 1 11 07:02:07 39.34N 73.80E 18 5.1
5 11 202052309 39.44N 73.67E 41 5.7 >ISC
6 11 21221237.1 39.46N 73.62E 26 5.8
7 27 122562010 39.52N 73.82E 19 5.7
8 1 27 172332586 39.34N 73.86E 37 5.1
9 1974 September 03 19:41:21.1 39.42N 73.74E 43 5.3 ‚

NEC 1
‚

27 19:42:54.6 39.57N 117.98E 22.8 6.3
2 27 23:17:31.4 39.36N 117.82E 31.4 5.4
3 28 00:58:46.9 39.41N 117.78E 33.0 5.0
4 1976 July < 28 102452352 39.66N 118.40E 26.4 6.3
5 28 15:35:55.3 39.85N 118.66E 13.0 5.3 >NEIS
6 29 012012032 39.92N 118.88E 35.4 5.1
7 1 30 212232150 39.82N 118.33E 33.0 5.4
8 1976 August 31 032252278 39.80N 118.86E 31.8 5.3
9 1976 November 15 13 2 53200.6 39.44N 117.69E 15.2 6.01

Table 2. System of filters

Number Passband Centre period
of filter (seconds) (seconds)

I 1.0— 2.0 1.5
II 1.5— 3.0 2.2
III 2.2— 4.5 3.4
IV 3.4— 6.8 5.1
V 5.0— 10.0 7.5
VI 7.5— 11.0 11.0
VII 11.5— 23.0 17.0
VIII 17.0— 34.0 25.0
IX 25.0— 50.0 35.0
X 37.0— 75.0 56.0
XI 56.0—112.0 84.0
XII 85.0—170.0 128.0

polskij et a1. (1974) on the basis of observations with Frequency .
Selecting Seismic Stations (CISS). It must be noticed, however,
that APB diagrams cannot be considered to be identical with
velocity amplitude spectra because they express the dependence
of two quite different quantities (maximum amplitude instead of
the root of spectral density, filter passband instead of frequency).
In general, no prominent similarity must exist between APB dia-
grams and amplitude spectra of P and S waves for teleseismic
events. A special study of the relation between APB diagrams
and amplitude spectra is underway and the results will be published
in a separate paper.

In the present study, the APB diagrams were constructed for
the vertical and horizontal components (Z, NS, and EW) of P
and S waves for both the TSB and NEC events. To illustrate
the reliability of the results two typical APB diagrams of the
seismic noise level at KHC are shown in Fig. 2.
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2.1. APB Diagrams for P Waves

The resulting APB diagrams for P waves are shown in Fig. 3,
maximum velocity amplitudes in microns per second being plotted
in the logarithmic scale. Number of event and the corresponding
magnitude mb are indicated for every curve. The solid circles indi-
cate values of Avmalx which were safely above the noise level. Values
of Avmax evaluated from readings with comparable signal and noise
amplitudes are denoted by open circles. Some of these cases were
included in order to find out the trends of the APB curves, espe-
cially in their long-period flanks.

The general shape of the APB diagrams for all three com-
ponents ofP waves obviously is similar for both the TSB and
NEC regions. The diagrams usually have a single pronounced
maximum in the range of periods represented by filters III, IV,
and V. An exception is the NS component for event No. 1 from
the TSB region. For events with larger magnitudes the maxima
tend to shift towards longer periods. The levels of the curves
correspond to the order of magnitude mb with the exception of
NEC event No.7 for which mb:5.4 given by NEIS seems to
be too large in comparison with our observations. The anomalous
level of the curve for the NS component of NEC event No.5
is probably due to the disturbing effect of noise in the period
band of filters III and IV.

The decrease of maximum velocity amplitudes for passbands
in the short-period range is more expresssive for the Z and E W
components of events from the NEC region than for those from
the TSB region.

2.2. APB Diagrams for S Waves

The APB diagrams for S waves are shown in Fig. 4. In general,
they have a similar character as those for P waves but the maxima
of curves occur at longer periods, i.e., in the range of filters 1V
to VII for the TSB events and V to IX for the NEC events.



Fig. l. Example of filtered brüaclband
records (event TSB 5, component EW).
Trace 1 : bmadband Signal (0.3 t0
300 s). trace 2: coded time, traces 3 t0
l4: üutputs of filters I t0 XII (the
arabic numbers are the relative
amplification coefficients of the
individual channels), trace 15: result of
pülarizatiün analysis (product üf
longitudinal and vertical broadband
Gümpünents)

Fig. 2. APB diagrams of the seismic
nüise preceding events TSB 4 (l)
and NEC 3 (2). ‚4.555555 are the
maximum values observed in a time
interval of 3 min bafüre the onset of
the P aE
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Fig. 3. Amplitude-periodband diagrams of P
waves from the TSB (Tadzhik-Sinkiang
border) and NEC (North-eastern China)
events. Avmax values above the noise level are

5 1 denoted by solid points, those comparable with
the noise level by circles. The underlined
numbers correspond to the event numbers in
Table l. The decimal numbers are the mb
magnitudes of the individual events (the
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In comparison with P waves the maxima of the diagrams are
not so well pronounced for most of the events. The Avm1x values
are comparable in more passbands so that the maximum cannot
be unambiguously attached to an individual filter (see, e.g., TSB
event No. 6 and NEC events Nos. l and 4 in the NS component
or TSB event No. l in the EW component).

The shape of the APB diagrams is also influenced by the
internal structure of the wave group investigated. For instance,
a detailed polarization analysis of the S wave group of TSB event
No. l has revealed that this group consisted of a pure SH pulse
with a half—period of approximately l2 s and a slightly later wave
group of rather SV type with a predominant period of about
36 s. This means that Avmax in different passbands can corrCSpond
to different wave types.

A tendency of shifting of the maxima of the APB curves to-
wards longer periods for events with larger magnitudes is again
observed also for S waves.

50

IVVIVIWIXXXIXI correct mb for diagramQ in figure NEC-P,
component NS, is 6.0)

2.3. Time of Occurrence of Maximum Velocity Amplitude

In our study the problem of the time of occurrence T of maximum
velocity amplitude in the P and S wave groups for different
filters has been also investigated. Knowledge of T values to be
expected in different passbands is important for the routine de-
termination of earthquake magnitudes on the basis of maximum
amplitudes. The quantity r was measured from the onsets of the
P and S wave group. The values for P waves were determined
from the vertical components, those for S waves from the 15W
components of the filtered broadband records. The behaviour of
‘L' for a set of selected events is shown in Fig. 5.

It is evident that T increases with increasing centre periods
of the filters as well as with increasing magnitude of the events.
Its variation appears to be negligible up to the period range of
filter VII. In the passband from ls up to approximately 205
the time of occurrence of the maximum velocity amplitude usually
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Fig. 4. Amplitude-periodband diagrams
of S waves from the TSB and NEC

NEC-S events. The individual values and
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70I. P 'Z NEC 1
does not exceed 30 s for both P and S waves. The variation of

sd- r in the long-period range is considerable, reaching up t0 80 s
T ‚t TSB 1 for S as well as P waves.
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‚2- A comparison of the APB diagrams in Figs. 3 and 4 indicates
1° h

1’9:20---*-"*""’ that there exists a stable relation between the three components

I I III I’V I/ {A Cm Q," IX g XII—xi" of P and S waves for any of the events investigated. It should,
FILTER therefore, be sufficient to select only one component for investiga-

tions of this kind. For P waves the vertical component and for
80 ‚ S -EW S waves one of the horizontal components appear t0 be the most
70, NEC g appropriate.

‚ 60- The shapes of the APB diagrams for P and S waves have
t a very similar character for all the events. However, for S waves

[3150" the maxima of the curves are shifted towards longer periods. It
"32’" TSB 1 was experienced that for events having magnitudes mb<5.0 the’
3,8,» TSB g APB diagrams for both P and S waves can be constructed only

’ in exceptional cases, the noise background, especially long-period
microseisms, being the limiting factor.

. For both the Tadzhik-Sinkiang and North-eastern China se-
l l „L

IV v w vu vm
FILTER

IX X XI XII

Iig. 5. Time of occurrence I" of maximum velocity amplitude VS.
period-passband (filter number) for a set of selected events

quences the maxima of the APB curves vary within the period
range of filters III to IX, i.e., the largest value of Avrmlx occurs
in the intermediate period band. Furthermore, the general shape
of the APB diagrams is practically the same for both regions
without any exception.
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Fig. 6. Dependence of the passband corresponding t0 the largest
Avmax value on mb magnitude for the vertical component of P
waves. The periods Tv corresponding t0 Avmax (solid circles) and
the numbers of the TSB and NEC events are indicated

The results pertaining t0 the vertical component of P waves,
mentioned in the last paragraph, are in general agreement with
those obtained by Bune et a1. (1973) and Zapolskij et a1. (1974)
on the basis of observational material from Frequency Selecting
Seismic Stations. The APB diagrams for the vertical component
of P waves are also similar t0 the majority of diagrams constructed
in the same way for a sequence of aftershocks from the Hokkaido
region (Roglinov et a1. 1978). In spite of the fact that the shapes
of the APB diagrams for some of the Hokkaido events were found
t0 be exceptionally quite different, it seems that the type of dia-
grams observed in the present study represents the process of
seismic wave generation that prevails for shallow earthquakes.

An interesting phenomenon is the shift of the maxima of the
APB diagrams towards longer periods with increasing magnitude
of the events (see Figs. 3 and 4). Figure 6 shows the dependence
of the passband, in which the largest Avmax of the vertical com-
ponent of P waves is found, on the magnitude mb. It appears
that the maxima of Avmalx shift towards longer periods for magni-
tudes mb>6.0 whereas for mb< 6.0 the occurrence of the largest
Avm,X in the passband from 2.2 t0 4.5 s is independent of magnitude
and region. The shift t0 filter IV for TSB event N0. 2 is an excep-
tion the probable cause of which was constructive signal-noise
interference. The same tendency of shifting of maxima of the
APB diagrams to longer periods for events with larger magnitudes
can be observed also for S waves but the phenomenon is not
so expressive as for P waves due t0 the flatness of the maxima.

Using calibrating functions of the Eurasian homogeneous mag-
nitude system HMS (Vanek et a1. 1978; Christoskov et al. 1978)
the magnitudes Mv and Mpv for a11 the events were re-estimated
on the basis of short-period and medium-period observations of
the vertical component of P waves. The short-period observations
are approximately simulated by Avmax in the output of filter I
and the medium-period observations by Avm,lx from those filters
for which the maxima of the APB diagrams are observed. The
HMS magnitudes, rounded t0 0.05, are given in Table 3 without
applying the station correction of KHC. It can be seen that for
TSB events the agreement between Mv and MPV is fairly good,
the maximum differences being smaller than 0.15. On the contrary,
for NEC events the differences between Mpvs and MPV are up
t0 0.75 of the magnitude unit. These discrepancies can be explained
by the more intense decrease of Avmax values in the short-period
range from the maxima of the APB curves for NEC events (see
Fig. 3). The differences between magnitudes mb and the HMS
magnitudes Ms, MpV are caused by the different magnitude level
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Table 3. Short and medium period HMS magnitudes for the verti—
cal component of P waves

Event Ms MpV Event Mv MpV

TSB 1 6.85 6.9 NEC 1 6.5 7.25
2 5.55 5.65 2 5.25 5.65
3 5.65 5.8 4 6.4 7.15
4 5.35 5.45 5 5.2 —
5 6.3 6.25 6 4.95 5.35
6 6.35 6.3 7 4.9 —
7 6.0 5.85 8 5.3 5.55
8 5.35 5.45 9 6.25 6.45
9 5.7 —

for the Eurasian HMS in comparison with the ISC system of
magnitudes (for details see Vanek et al. 1978; Christoskov et a1.
1978)

The study of times of occurrence ’L' of maximum velocity ampli—
tudes reveals that in the short-period and intermediate-period
range up t0 the band from 11.5 to 23 s the quantitiy ’L' usually
is below 30 s for both P and S waves. This observation supports
the recommendation accepted by the IASPEI Commission on
Seismological Practice (1973) at the XVth General Assembly of
the I.U.G.G. in Moscow. According t0 this recommendation mea—
surements of (A/T)max for the determination of body wave magni-
tudes should be carried out in the range of 25 s from the wave
onset. However, for the long-period range an increase of ’C up
t0 70—80 s may be considered.

Conclusions

From the study of amplitude-periodband diagrams of P and S
waves obtained on the basis of filtered broadband records for
two sequences of shallow earthquakes from the Tadzhik-Sinkiang
border and from North-eastern China the following conclusions
can be inferred.

The general shape of the APB diagrams for the Z, NS, and
EW components of P and S waves is similar for both regions.
The diagrams are characterized by a pronounced maximum in
the range of intermediate periods. The largest maximum velocity
amplitudes for the regions investigated are observed in the period
bands from 2.2 t0 103 for P waves and from 3.4 t0 23 s for
S waves. Because earthquake magnitude estimations are based
on the principle of the largest amplitude of the wave group, obser-
vations in these period-passbands should be used for magnitude
determinations from P and S waves. Exceptions constitute earth—
quakes with an anomalous behaviour of APB diagrams (e.g.‚ R0-
glinov et a1. 1978). This conclusion applies for shallow events in
a limited magnitude range (5.0<mb< 6.5) and its general validity
must be verified by further investigations.

A shift of the maximum of APB diagrams towards longer
periods, observed for earthquakes with mb> 6.0, and its indepen—
dence on magnitude for mb<6.0, seem to be related with the
process of wave generation in the focal region.

It is observed that the time of occurrence r of maximum velo
City amplitudes usually is shorter than 30 s for the short-period
and intermediate-period band, and up to 80 s for the long-period
band.
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In an interesting paper Mayaud (1979) discusses possible sources
of the annual wave in hemispheric activity indices (Kn, Ks or
an, as) and oomments the results of Damaske (1978 b) obtained
with the harmonic analysis method. Mayaud claims that his own
analysis is the more comprehensive one and that the source model
he suggests provides a better fit to the observed activity variations.
It seems to us that his arguing against the concept of a modified
modulation is based on a number of misunderstandings and misin-
terpretations and that also his merely qualitative judging deserves
some critical remarks, although we can mention only a few details
here.

1. Mayaud (1979) objects against the use of 27-day means
and the restriction to the annual wave in the paper by Damaske
(1978 b), emphasizing that his own analysis is more comprehensive
because his Fig. 1 displays also the daily variation, within groups
of only 6 days. He should remember that it was the declared
purpose of Damaske’s paper to investigate merely the annual wave
in both hemispheres and its behaviour within the eight hemispheric
longitude sectors from which Kn, Ks (or an, as) are derived. Com-
puting an annual wave from consecutive daily or even hourly
values would not yield the slightest increase of accuracy besides
much more computation labour. The advantage of 27-day means
has been described elsewhere (Meyer 1973). The relation between
diurnal and semidiurnal UT waves (including their annual ampli-
tude modulation) and the annual and semiannual waves of geo-
magnetic activity, as well as their unified deduction from the modi-
fied modulation function sin2(ß+ß0), has been set forth exten-
sively in previous papers (Damaske 1976, 1977).

2. Mayaud (1979) obviously uses the term ‘modulation’ in
a way different to its common meaning in physics. It is a clear
misinterpretation when he states that the modified modulation
function sin2(ß+ ‚80) was introduced by Damaske (1977) ‘in order
to interpret the systematic amplitude modulation (with opposite
sign in both hemispheres) of the 24-hour UT wave’. There does
not exist such an amplitude modulation with opposite sign or
phase. Instead, there exists a systematic shift (with opposite sign
or direction) in the amplitude modulation curves for the diurnal
UT wave in both hemispheres (see Damaske 1976, Figs. 25 and

0340-062X/80/0048/0054/‘130l.00

26; or Damaske 1977, Figs. 13 and l4). Moreover, it is definitely
wrong when Mayaud states that it is the ‘asymmetry in the ampli-
tude of the daily variation from one solstice to the other in each
hemisphere ‚. what Damaske calls the amplitude modulation of
(l) the diurnal UT wave’ With this understanding a wave without
such amplitude asymmetry between the two solstices as, e.g., the
top curve in Mayaud’s Fig. 2, would not undergo any amplitude
modulation at all. Suffice it to say that we are using the term
‘modulation’ in its generally accepted sense.

3. We cannot follow Mayaud when he assumes that any change
of the diurnal wave amplitude modulation would necessarily affect
the annual variation of activity, e.g., bringing about a 12-month
wave if such a change is confined to a certain season. A primary
change of the daily variation would affect the annual variation
only if also the average daily activity has changed. One can easily
figure a diurnal wave with quite arbitrary amplitude modulation
but no annual variation (of daily values) at all. It seems that
Mayaud mixes the annual amplitude modulation of the diurnal
UT wave with the annual variation of geomagnetic activity itself.
Both have to be clearly distinguished. It is just the modified modu-
lation function sin2(ß + ßo) that relates the diurnal with the annual
activity variation in a definite and confirmed form.

4. Mayaud (1979) judges on the validity of the modified modu—
lation function suggested by Damaske (1976, 1977) by a merely
qualitative comparison of the figures he presents, Fig. l Showing
observational data and Fig. 2 illustrating different functions
sin2(ß+ß0) by a polygonal approximation, although not for the
empirical value of ßo. Nevertheless, he admits that one of the
two specific features of hemispheric activity modulation, i.e., his
feature (b), is similar in both figures. In fact also feature (a)
can clearly be recognized in the lower curve of Fig. 2, as far
as the existence of a significant daily variation at the equinoxes
is concerned.

Mayaud’s final objection mainly bears upon the envelopes of
the curves in Figs. 1 and 2, which is certainly insufficient if not
misleading. The modified modulation function has been derived
from the quasi—logarithmic Kn, Ks and thus should not be com-
pared with the linear an, as in all aspects. This does not simply
concern the angle ‚BO. It applies to the whole formulation of activity
modulation which is more complex for an, as, e.g., involving a
dependency of all modulation amplitudes on the general level
of activity (Damaske 1978 a). Above all one has to make allowanoe
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for the fact that the scale for the square-sine functions in Fig. 2
{S limited at its upper end, whereas the scale for an and as in
Fig. 1 is still continuous and unlimited (contrary to that for Kn,
Ks which would also be finite). Hence, any comparison of the
upper envelope in Fig. 2, especially near the upper end of the
acale, with the one in Fig. 1 is irrelevant.

Likewise Mayaud’s statement that the solar longitude distance
between the days of vanishing diurnal UT wave in the theoretical
curve would not fit the observation, cannot be accepted. A quanti-
tative evaluation of the correct curves derived from the exact
formula and the results for the diurnal constituent in Kn and
Ks, as well as in an and as, clearly shows that both are in good
accordance with only minor deviations (cf. Damaske 1976,
Figs. 25, 26, and 30, 31; Damaske 1977, Figs.13, l4 and 17,
l8; Damaske l978a, Fig. 15).

5. Estimating the additional hemispheric effects by directly
eomparing the observational results in Fig. l with the modulation
curve sinzß for planetary activity (upper curve in Fig. 2) is certainly
insufficient because the arbitrary scale in Fig. 2 involves the possi-
bility of either exaggerating or suppressing the effect for a certain
season, depending on the fitting of the relative amplitude scale.
An unbiassed estimate of the specific hemispheric effects requires
primarily a comparison with the average of both curves in Fig. l,
i.e., with the corresponding curve for am. If Mayaud had done
this, he might have recognized that an additional diurnal UT
wave, with nearly constant amplitude and phase, exists not only
during local summer but indeed throughout the year. Since the
phase of the planetary wave in summer and Winter is Opposite,
its amplitude appears to have increased (in local Winter) or de-
creased (in local summer) as an effect of this additional hemi-
spheric wave, in full accordance with the results of harmonic
analysis. Thus it seems that Mayaud is giving separate explanations
of only certain features which he sees (and of how he sees them),
thereby disregarding other features which he does not recognize
by his merely qualitative judging.

6. Finally, it is unsatisfactory if Mayaud judges the relative
validity of the modified modulation function by a qualitative com-
parison between the observational results in Fig. 1 and the modi-
fied square-sine functions in Fig. 2 (yet, strictly speaking, in an
irrelevant way as has been shown above), without presenting and
discussing a corresponding synthetic modulation curve for his own
source model. In fact, his main source constituent, i.e., the one
he relates with the DP2 fluctuations (the other one does not signifi-

cantly affect the annual wave in hemispheric data) would lead
to an alteration congruent to the two envelopes of the upper
curve in Fig. 2 “without any change in the range of the UT daily
variation due to sinzß ’. For a l2-month wave of this type culminat-
ing in local summer the upper envelope then would display a
‘belly’ during that season, instead of the ‘trough’ actually noticed
in Fig. 1. In addition, this conception would match neither of
the two specifically hemispheric features (a) and (b) in Mayaud’s
paper. It is hard to believe that all these systematic discrepancies
respecting the daily variation should be explained just as ‘irregular-
ities’ due to a longitude dependence of the source effect in connec—
tion with the non-homogeneous net of stations. If this were true,
it would indeed severely question the utility of the hemispheric
activity indices which Mayaud himself has introduced.

Summing up we may infer that Mayaud’s conclusions are all
together untenable. It will be shown in a forthcoming paper that
the source model he suggests, though being tentatively acceptable
as a working hypothesis, does not contribute significantly to the
actually observed hemispheric annual wave.
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Inkohlung und Geothermik. Beziehungen zwischen Inkohlung, Illit-
Diagenese, Kohlenwasserstoff-Führung und Geothermik. Mit 96 Ab-
bildungen, 51 Tabellen, 7 Tafeln. Krefeld, geologisches Landesamt
Nordrhein-Westfalen 1979, I—XI, 1—372 S., 8°. Fortschritte in der
Geologie von Rheinland und Westfalen, Band 27. Kunstleder
DM 77, ——.

Im Zuge der Suche nach neuen Energieformen und -quellen
sowie noch unbekannten Lagerstätten fossiler Energiestoffe hat
ein in der Vergangenheit etwas vernachlässigtes Teilgebiet der Geo-
physik, die Geothermik, einen beträchtlichen Aufschwung erlebt.
Doch noch weit mehr als in anderen Gebieten der Angewandten
Geophysik ist in der Angewandten Geothermik die interdiszipli-
näre Verflechtung mit anderen Zweigen der Geowissenschaften
wie Geologie, Sedimentologie, Petrographie, Petrologie, Mineralo-
gie und Geochemie deutlich, und eine isolierte Betrachtung physi-
kalischer geothermischer Prozesse ohne Berücksichtigung der son-
stigen geowissenschaftlichen Randbedingungen, Ursachen und
Folgen ist nicht möglich. Für die Energieforschung ist die Geother-
mik interessant, einmal im Hinblick auf die Auffindung möglicher
Lagerstätten von Erdwärme in Gebieten geothermischer Anoma-
lien, zum anderen hinsichtlich der Genese von Erdöl, Erdgas,
Kohle, der Diagenese von Speichergesteinen und letzten Endes
auch der physikalisch-chemischen Zustandsbedingungen in Erdöl-
Erdgas-Lagerstätten.

In all diesen Anwendungsfällen sind aber nicht nur die rezenten
geothermischen Verhältnisse, sondern vor allem deren gesamte
historische Entwicklung über geologische Zeiten wichtig. Wir be-
nötigen „Paleogeothermometer“, geochemische Reaktionen, die
uns in Form von dauerhaften Reaktionsprodukten Auskunft über
P,T—Bedingungen in der geologischen Vergangenheit geben kön-
nen. Mit Untersuchungsmethoden auf dieser Basis und deren An-
wendung befaßt sich der vorliegende Band, an dem eine Reihe
namhafter Autoren aus dem gesamten Spektrum der Geowissen-
schaften mitgewirkt haben. Das Werk bietet sich damit als ein
wertvolles Rüstzeug für den angewandten wie allgemeinen Geo—
thermiker an.

Ausführlich werden die Methodik und Anwendung der Kohle-
petrologie behandelt, die es ermöglicht, durch mikroskopische Re-
flektivitäts- oder Fluoreszenz-Messungen den thermischen Um-
wandlungsgrad (Inkohlungsgrad) von fein verteilter organischer
Substanz in Sedimentgesteinen zu bestimmen. Daneben gehen ver—
schiedene Autoren auch auf die Tonmineraldiagenese als Maß
für die thermische Einwirkung in der Vergangenheit ein. Auswer-
tung und Interpretation entsprechender Laboratoriumsuntersu-
chungen ist breiter Raum gewidmet, wobei eine Synthese von
theoretischen Überlegungen — unter Zugrundelegung des Zeitinte-
grals einer Temperaturfunktion als bestimmendem Parameter —
und empirischen Studien —— mittels} Korrelation von Inkohlung,
Tonmineraldiagenese, Kohlenwasserstoffgenese, geothermischen
Gradienten, geothermischer Geschichte und Absenkungsge-
schichte — angestrebt ist. Auch der unterschiedliche Einfluß des
Hangenddruckes auf Inkohlung und Tonmineraldiagenese wird
in die Betrachtungen einbezogen.

Die empirischen Untersuchungen sind vorwiegend am Ober-
rhein-Graben durchgeführt. Damit gibt das Werk auch gleichzeitig
wichtige Auskünfte zur geologischen und geothermischen Ge-
schichte dieses Gebietes. Weitere Artikel befassen sich mit Nord—
westdeutschland, Urach und anderen Gebieten.

Journal of
Geophysics

In einer Serie von 14 Artikeln unter Beteiligung von 12 Auto-
ren, mit vielen Graphiken, Karten und Tabellen ist das anstehende
Thema in vielfältiger Form ausführlich behandelt.

Der Band schließt an einen früheren Band 24 „Inkohlung und
Erdöl“ des gleichen Herausgebers an. Er liefert eine zusammenfas—
sende Übersicht des gesamten Komplexes und ist somit auch dem
Geophysiker als nützliches Werkzeug sehr zu empfehlen.

Jürgen R. Schopper, Clausthal-Zellerfeld

Peter Krzonkalla: Wie finde ich Literatur zu den Geowissenschaf-
ten? 223 Seiten, Berlin Verlag, 1979, ISBN 3-87061-178-2.

In sehr klarer, übersichtlicher und allgemeinverständlicher
Form zeigt der Autor die verschiedensten Wege zur Literatur der
Geowissenschaften. Es ist ein sehr nützliches und empfehlenswer—
tes Buch für alle interessierten Laien, Angestellte in entsprechen-
den Bibliotheks- und Dokumentationsdiensten sowie für Studen-
ten. Um für Wissenschaftler und Doktoranden ähnlich nützlich
zu sein, bedürfte es noch einiger kleinerer Ergänzungen.

Ein solches Buch muß, wie der Autor richtig feststellt, Aus—
wahlcharakter haben. Nur sollte die Auswahl mehr von Fachleuten
getroffen werden, als aufgrund von Planungen des IuD-Program-
mes der Bundesregierung und aufgrund von Beständen der Univer-
sitätsbibliothek der Technischen Universität Berlin. So kommt
es z.B., daß es eine Geophysik ohne Aeronomie bzw. Atmosphä-
renphysik gibt. Insbesondere bei der Fächeraufteilung bzw. Fä-
cherzuordnung sind Ergänzungen notwendig, insbesondere wenn
an fachübergreifende Nutzung gedacht wird.

Mit der Auflistung von Informationszentren, Informations-
diensten und Informationsleistungen hat der Autor unmerklich
zusätzlich zur reinen und klassischen Literaturdokumentation (bi-
bliographische Daten) auch noch den heute immer wichtiger wer-
denden Bereich der entsprechenden Datendokumentation (numeri-
sche Daten, Meßdaten) ins Spiel gebracht. Es wird unversehens
auch mit der entsprechenden Terminologieproblematik konfron-
tiert. Die ganz zum Schluß des Buches benutzten Begriffe Datenba-
sen und Datenbanken bedürfen deshalb zur Vermeidung von Miß-
verständnissen unbedingt entsprechender Zusatzbemerkungen.

Da diese Vermischung von Literaturdokumentation und Da-
tendokumentation — im obigen Sinne — immer unvermeidbarer
wird, häufiger auftritt und die Wissenschaftler teilweise mehr nach
geeigneten Daten, als nach entsprechender Literatur suchen, sollte
z.B. die Liste der Informationsdienste ergänzt werden, in der Geou
physik z.B. um die zwei folgenden:

1. Guide to International Data Exchange through the World
Data Centers. ICSU Panel on World Data Centers, Dec. 1973

2. CODATA Bulletin. ICSU Committee on Data for Science
and Technology

G. Hartmann, Katlenburg-Lindau
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A Late Cretaceous 40Ar—39Ar Age for the Lappajärvi Impact Crater, Finland

E.K. Jessberger1 and W.U. Reimold2
1 Max-Planck-Institut für Kernphysik, Postfach 1039 80, D-6900 Heidelberg, Federal Republic of Germany
2 Institut für Mineralogie, Gievenbecker Weg 61, D-4400 Münster, Federal Republic of Germany

Abstract. We report on a 40Ar— 39Ar study of kärnäite from
the N 17 km Lappajärvi impact crater, Finland. Four samples from
a 3,000 m profile across the crater center give rather well defined
age plateaux and indicate complete degassing at the time of the
impact event. The mean age is 77 m.y., much younger than geologi-
cally derived age estimates.

Key words: Impact cratering — 40Ar—39Ar dating — Meteorites
— Kärnäite — Rb—Sr dating — Impact melt — Rate of impacts —-
Chronology — Melt sheet.

Meteorite impact cratering is a fundamental process in surface
feature formation of terrestrial planets as has been shown by
the lunar, martian, and mercurian missions of the last decade
(Neukum and Wise 1976). In a most recent attempt t0 define
a crater production rate for the evolution time of Earth and Moon
(Grieve and Robertson 1979) absolute dating of terrestrial impact
events has been demonstrated t0 be essential. In contributing t0
that tedious but important task we dated the Lappajärvi impact
structure, Finland, by the 40Ar—39Ar technique and obtained
an age of 77 m.y., much younger than the geologically derived
upper age limit of 600 m.y. (Grieve and Robertson 1979).

Fredriksson and Wickman (1963) first suggested that the Lap-
pajärvi structure might have been produced by meteorite impact,
which was supported later by the identification of shock metamor-
phism (Svensson 1968; Lehtinen 1976). Recently, the projectile
of the Lappajärvi impact has been identified as a chondritic mete-
orite (Reimold 1979; Göbel et a1. 1980).

Lake Lappajärvi (Fig. 1) is located in the Svecofennian gneiss
mass of Central Finland (63°09’N/23°42’E) about 300 km north-
west of Helsinki. From gravity measurements the original crater
diameter of the glacially deeply eroded crater has been suggested
t0 be about l7 km (E10 1976). The basement rocks of that area
consist mainly of mica schists, granite-pegmatite, and smaller bo-
dies of granodiorite and amphibolite. According t0 Rb— Sr dating
the ages of these rocks range from 1,559—1,745 m.y. (Reimold 1979;
Maerz et a1. 1979).

Autochthonous impact breccias and melt (‘kärnäite’) are ex-
posed on several islands in the center of the crater area, whereas
allochthonous boulders of kärnäite and suevite are found in glacial
deposits some kilometres southeast of the lake.

Kärnäite appears as a dense aphanitic rock that contains abun-
dant mineral and lithic clasts of all grades of shock metamorphism
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Fig. 1. Locations of the Scandinavian impact structures
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Fig. 2. Locations of the four samples La 42, La 12, La l4, and
La 15 from the melt sheet exposed on Kärnänsaari studied with
the 40Ar— 39Ar dating technique
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in a fine-grained, mesostasis—rich matrix. Following the petro-
graphic descriptions of Lehtinen (1976) and Maerz (1979) the
inclusions consist mainly of quartz that often exhibit ‘ballenstruc-
ture’. Frequently these fragments are surrounded by rims of or-
thopyroxene. Feldspar elasts consist of plagioclase and alkali-feld-
spar. The former often shows ‘checkerboard’-texture also known
from other impact sites. Lithic clasts are medium to coarse grained
granite, and rarely granodiorite or amphibolite. The matrix con—
sists of plagioclase, often exhibiting H-type crystal growth, also
zoned and rimmed by sanidine, of orthopyroxene, in part altered
into clinopyroxene or biotite, of magnetite, ilmenite, and twinned
cordierite (Maerz 1979). The mesostasis is very K-rich and most
likely consists of alkali-feldspar and quartz.

We have chosen 4 samples of authochthonous kärnäite for
age determinations. These samples are part of a 3,000 m profile
across the coherent melt sheet of the crater center (Fig. 2). Rb — Sr
dating of kärnäite failed because of the extremely small range
of the 87Rb/“Sr ratio of kärnäite whole-rock samples (Maerz

et al. 1979). Mineral separation of the matrix was not possible
because of its small grain size (<35 um). For the 4°Ar—39Ar
study we selected inclusion-poor kärnäite and analyzed whole-rock
samples routinely as has been described previously (Jessberger
et al. 1976) 1. The results are summarized in Table 1 and the age
patterns shown in Fig. 3.
All samples exhibit rather similar age patterns with no evidence
for major 40Ar diffusion losses after the time of complete degass-
ing. The integrated K—Ar ages (Table l) are only marginally
different from the 40Ar-——39Ar ages. There are also no elevated
ages at higher extraction temperatures indicating the absence of
inherited 40Ar such as that encountered in dating lunar impact
breccias (Jessberger et al. 1974; 1976). Obviously, the mineral or

1 Irradiation at the FR2 reactor, Karlsruhe, together with mus-
covite monitor of known age, Bern 4M (Jäger et al. 1963). Ages
are calculated using the 40K decay constants and K isotopic com-
position recommended by Steiger and Jäger (1977)

Table l. Summary of 40Ar—39Ar results for Lappajärvi impact melt samples. The uncertainty of the K— and
Ca-contents are 5%. K—Ar ages are obtained from the integrated 4°Ar and 39Ar amounts released in all extraction
fractions. 40Ar—39Ar ages are calculated from argon released in extraction fractions of the given temperature
range. The quoted uncertainty corresponds to the 10 standard deviation from the weighed average 4°Ar/39Ar
ratio. The quality of the 4°Ar— 39Ar ages as plateau ages may be visualized from Fig. 3

Sample Sample K Ca 40Aratm K—Ar Age 4°Ar— 39Ar Age and Range
no. Weight (0/0) (0/0) (o/o) (m.y.)

(g) (m.y-) (° C)

La l2 0.570 3.2 1.8 19.5 78.5 78.6i0.8 660—1‚360
La l4 0.553 3.4 1.9 38.2 74.8 76.6i0.3 820—1‚550
La 15 0.543 3.3 1.8 23.2 76.8 77.2-_1-0.3 770—1,550
La 42 0.447 3.6 2.0 26.0 76.2 77.5 -_I-0.2 700—1‚520
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Fig. 3. 4OAr—— 3’9Ar age patterns for four samples from the Lappajärvi impact structure. Each bar represents the apparent age calculated
from the (4°Ar/39Ar) ratio of argon released within about 45 min at the extraction temperature given in °C. The heating procedure
was incremental. The width of the bar is the fractional amount of 39Ar released, the height is the statistical uncertainty of the
K-derived (40Ar/39Ar) ratio of that fraction
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lithic clasts — relicts of the Precambrian target rocks — did not
retain 4°Ar or they do not contain much K. Many of the inclusions
consist of quartz, and Rb—Sr analyses of kärnäite inclusions have
also shown that most of the feldspathic inclusions have been equili-
brated with the surrounding melt (Reimold and Stöffler 1979).

Sample La 12 shows a slightly different age pattern (Fig. 3)
with more scatter of the apparent ages than the other samples.
This may be due to the higher portion of clastic material mixed
to the melt. This sample appears as a melt agglomorate which
is transitional to a suevite breccia rather than a coherent melt
as the other samples. There are also differences in the chemical
composition especially in the REE patterns (Reimold and Stöffler
1979). The mean age, however, is not affected by the difference,
and is well defined to be 77.3 i0.4 m.y.

The present study which gives the first lateral age profile across
an impact melt body indicates that the whole melt body has been
totally degassed in the course of the impact. This extends even
to the autochthonous suevitic sample La 12. Other evidence for
complete homogenization of the Lappajärvi melt body is pre-
sented in (Reimold 1979; Reimold and Stöffler 1979).

On the Scandinavian shield there are six structures classified
as ‘probable’ impact structures (Grieve and Robertson 1979):
Mien, Dellen, and Siljan in Sweden, Sääksjärvi and Lappajärvi
in Finland, and Jänisjärvi in the USSR (Fig. 1). 4OAr— 39Ar ages
of Mien and Siljan are 119 m.y. and 362 m.y., respectively (Bot-
tomley et al. 1978). Lappajärvi is 77 m.y. old. An approximate
age of 700 m.y. for the Jänisjärvi event is mentioned by Grieve
and Robertson. Also for Dellen and Sääksjärvi no accurate ages
are available (Bottomley et al. 1978). We therefore propose to
date the latter three structures also to further substantiate their
impact origin and to obtain the full impact rate for the Scandina-
vian shield.
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Magnetic Properties of Swiss Flysch *
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Abstraet. The prineipal magnetie mineral present in the flyseh
units nf eentral Switzerland is magnetite whieh exhibits suseeptibil-
ity anisetrepy eerrespending te a sedimentary fabric. Remanent
magnetizatinn direetiens are eensistent für the finer grained (up-
per) parts of the turbidity flows. Laboratory enntrolled build-up
ef viseeus remanent magnetizatinn indieates that the natura] re—
manenee enuld have been viseously aequired during the Brunhes
epneh.

Key wurds: Reek magnetism — Viseüus remanent magnetization
— Anisntrepy ef magnetie suseeptibility — Flyseh.

l. lntroduetinn

The flyseh units nf Central Switzerland are made up of several
1,2ÜOn-l,600-n1-thiek series nf alternating finengrained sandstones
and shales, whieh were depnsited during the Maastrichtian t0
Middle Eeeene in a Snuth Penninie deep marine (‘0eeanic’) envi-
rnnment (Sehaub 1951 ; Hsü 1960; Caron 1976; Merel 1978; Van
Stuijvenberg 19319). The palaeogeographie pnsitinn of these units
is nnt altngether elear. In the Late Eneene t0 Oligoeene, during
the Mesnalpine nrngeny (Trümpy 1973), they were torn from their
runts and transported nnrthwards nver eünsiderable distanees and
nnw lie in thrust sheets at the base nf the Prealps (Fig. 1).

Outemp is pnnr thrnugheut the external Prealps and the sam-

* Contributinn N0. 253, Institut für GeOphysik, ETH Zürich

pling was restrieted t0 fnur quarries in the Gurnigel, and three
river beds in the Sehlieren and Wägital flyseh. The dip ef the
strata is similar threughnut eaeh nlC the three units, and therefere
the palaenmagnetie results from the outernps were deemed repre-
sentative for the whele unit.

Originally we had hoped t0 eoncentrate nn the finest-grained
layers by sampling at the tnp nf eaeh turbidite eyele in additinn
t0 the ealeitie hemipelagie interbecls. Mnst nf these rneks prnved
too friable t0 drill sueeessfully er tun elay-rieh te survive desieatien
and cutting in the laboratnry. As a result, mnst nf the samples
are from the upper parts of eaeh turbidite cyele and are in general
fine grained (1/4-1/3 nun) arkosie sandstenes with a signifieant
(up t0 30%) Contribution of voleanie and plutnnie detrital frag-
ments (Hubert 1967).

2. Magnetic Pruperties

The flyseh beds are generally turbiditie and therefnre shnw grain
size deerease frem betten} t0 tnp. Prinr t0 the main sampling,
two flnws frnm the Gumigel flyseh (Zollhaus quarry) were sampled
in detail, and eonsistent NRM direetiens were found tnwards
the top 01" the flnws. Hnwever, the magnetizatinn intensity deereases
t0 the noise level of the magnetemeter at the base 01‘ the flnws
where the magnetization direetinns eannnt be preeisely measured.
This may refleet either a deerease in ferromagnetie mineral enntent
or inereasing turbulent depositinn tnwards the bnttnm nf the turbi-
dite flows.

0340-062X[80/0043/0060/50l.40

Fig. 1. Loeatien Map
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Fig. 2. Acquisition curves of Isothermal Remanent Magnetization
(IRM) for a single turbidite flow from the Gurnigel flysch (Zoll-
haus Quarry), the labels refer t0 the order of the samples from
the top (1) t0 the base (10) of the flow

(a) Isothermal Remanent Magnetization (IRM)

The acquisition of IRM provides a very useful guide t0 the coer-
civity spectrum of magnetic minerals present in a rock sample.
The shape of the acquisition curves from a single turbidite flow
(Fig. 2), and also from throughout the sampling area, indicates
that low coercivity minerals are present in the flysch. All samples
are saturated at 2—3 kOe. The value of saturation remanence at
room temperature shows n0 consistent relationship with position
of the sample within the graded bed (Fig. 2), suggesting that the
weight percent of magnetic mineral does not vary consistently,
and that the decrease in NRM intensity is either a function of
grain size and/or the alignment efficiency of detrital grains.

The variation in magnetic grain size within the beds is reflected
during low temperature treatment (Fig. 3). The samples were given
a saturation IRM (in a 10 kOe field), at liquid nitrogen tempera-
ture (— 196° C) and the remanence was measured during warming
t0 room temperature. In the coarser grained sediments, a sudden
decrease of remanence is observed corresponding t0 the change
of sign of the principal magnetic anisotropy constant K1 of magne-
tite at about —— 150° C (Nagata et al. 1964). The transition tempera-
ture depends on the concentration of impurity cations in magnetite
(Syono 1965) and is depressed by small titanium contents. It is
suppressed entirely if the magnetite is single domain, the magnetic
anisotropy of magnetite being mainly shape controlled. The form
and appearance of the transition depends on the grain size of
the sample (Fig. 3). The transition is most distinctly observed
in the coarse grained samples where about 30% of the low temper-
ature IRM has been lost. This percentage corresponds t0 the
contribution of multidomain magnetite, therefore, a major portion
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Fig. 3. Decay of an IRM (imposed at liquid nitrogen temperature)
during warming t0 room temperature for three samples from the
same flow. Approximate mean grain size. Very fine t0 fine (1/4—
1/10 mm), Medium (1/2—1/4 mm), Coarse (1—1/2 mm)

of IRM must be carried by single domain (perhaps pseudo-single
domain) grains. The IRM intensity decreases further when warm-
ing from —150° C to room temperature indicating a small contri-
bution from superparamagnetic magnetite. The medium grain—
sized samples (Fig. 3) show a slightly broadened, but still pro-
nounced, transition. The portion of the IRM carried by multido-
main magnetite is reduced (< 25%), and the gradient of the curve
above the transition is steeper. Therefore the contribution of single
domain and superparamagnetic (at room temperature) grains is
enhanced in the medium grained as opposed t0 the coarse grained
samples. In the fine grained samples (Fig. 3), the transition is
difficult t0 recognise, indicating that the multidomain fraction
is largely absent. The low temperature IRM intensity is about
twice the usual room temperature value (Fig. 2). The shape of
the curve indicates a large contribution from very fine grained
magnetite which is superparamagnetic at room temperature.

Thus the magnetic mineralogy in the flysch samples is dominat—
ed by superparamagnetic and single domain magnetite. Multido-
main magnetite is an important contributor t0 the magnetization
of the coarser grained material, but the vast majority of the sam-
ples were collected from the fine-grained parts of the turbidite
flows.

A maximum blocking temperature of about 540° (Fig. 4) was
obtained by giving a sample a saturation IRM at room tempera-
ture and monitoring the decay of this IRM progressively during
heating, using apparatus designed by Heiniger and Heller (1976).
This maximum blocking temperature together with the IRM ac-
quisition curves (Fig. 2) and the low temperature characteristics
(Fig. 3) indicate that magnetite is the only magnetic mineral pres-
ent in the flysch.
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Fig. 4. Continuous measurement of the decay of an IRM (imposed
at room temperature) during heating for a fine-grained sample

(b) Natura! Remanent Magnetization (NRM)

The NRM directions are consistent for finer grain sizes within
a single flow, and for fine grained samples from all exposures
(Fig. 5). On AF demagnetization the scatter of directions increases,
as the magnetization intensities approach the noise level of the
ScT magnetometer. The ScT cryogenic magnetometer measures
the magnetization along three orthogonal directions at the same
time and almost instantaneously, regardless of the: intensity of
the magnetization. The samples were measured in the upright
and inverted position and the six magnetization component read-
ings were combined to produce eight estimates of the remanent
magnetization vector. The parameter 1/1 is a measure of the devia-
tion of the eight directions about their mean and is a useful reliabil—
ity parameter for individual sample measurements (Lowrie et a1.
1980)

o LENER HEMISPHEHE N NUMBEH 0F SHMPLES
A UPPEH HEMISPHEH PLÜTTED: H7 A UPPER

o LENEH HEMISPHEHE N
HEMISPHER PLÜTTED

where güz8l [(N— l)/(N—R)]’ “2
and Nz number of estimates (8) of magnetic moment vector,

sector sum of eight estimates of magnetization vec-
tor.

The uncertainty in individual sample measurements, quantified
by w, increases with increasing peak demagnetization field as mag-
netization intensity decreases. This is due to unstable magnetzia-
tion of these samples as well as to the fact that the noise level
of the magnetometer is approached. The weak magnetization in-
tensity of the NRM (mean value 10’7G) and the low median
destructive field (100 Oe) often causes the magnetization intensity
to fall beneath the noise level of the magnetometer after demagneti-
zation at 200 Oe or 300° C (see Fig. 6). However, in many cases
the samples picked up a secondary magnetization after treatment
at higher fields and temperatures, indicating a tendency for Viscous
remagnetization.

The significance of the apparently stable NRM directions was
tested in two ways, the first being a field test and the second
a laboratory test of VRM acquisition.

For the field test, we sampled a drag fold at the base of
the Schlieren flysch. From AF and thermal cleaning results we
isolated the most stable directions using a criterion based on the
minimum change of magnetization direction between two demag-
netization steps. The results are plotted in Fig. 7. The directions
before fold correction are scattered to some extent and their mean
is located near the present Earth’s field direction. After correcting
for sample attitude in the fold, the dispersion is greatly increased,
and the magnetizations from the overturned limb now lie in the
upper hemisphere (Fig. 7). This failed fold test indicates that the
NRM was acquired after Alpine emplacement.

(c) Viscous Remanent Magnetization ( VRM)

The acquisition of VRM for six samples from the main (fine
grained) sample collection was monitored by allowing the samples

NUMBEB 0F
SHMiäES

FHYHUX NRM
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Fig. 5. Natural remanent magnetization directions of fine—grained samples from two Gurnigel flysch quarries before tectonic correction
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t0 remain in the Earth’s field and observing the build-up of magne-
tic remanence over a 6-m0nth period. These samples were random-
ly selected and represent the general VRM properties of the flysch.
Starting from the momentary NRM state (both undemagnetized
and AF cleaned with peak fields of 200 Oe), the acquisition of
VRM appears t0 depend 0n the logarithm of time (Fig. 8). If
we assume n0 long term changes in the magnetic viscosity behav-
iour, we can extrapolate the straight-lines t0 values of log t corre-
Sponding t0 the onset of the Brunhes epoch. It is indicated that
considerable build-up remanence may have occurred since the
last reversal of the earth’s magnetic field. The extrapolated intensi—
ty of VRM exceeds the magnitude of the NRM.

The AF demagnetization of the VRM (Fig. 9) ShOWS that the
VRM-components acquired during a 6-m0nth period in the labo-
ratory can be totally obliterated in peak fields of 40—80 Oe. The

remanence vectors removed (Fig. 9) during AF cleaning are per-
fectly aligned along the present day field direction (D002358°‚
Inc=63°) after the first demagnetization step (H= 20 Oe). As de—
magnetization proceeds, the removed vectors become more and
more dispersed reaching a nearly random distribution after demag-
netization in peak fields of 100 Oe with values of 0:95 = 40° (N= l7).
The relationship

H1_log t1
H2 —10gt2

where H1 and H2 are the peak alternating fields necessary t0
obliterate the Viscous build-up in time t1 and t2 respectively, can
give an estimate of the field H2 necessary t0 remove a VRM ac-
quired during the Brunhes epoch. If H1 =60-I_-20 Oe, 11 26
m0nths, t2:700‚000 years then H2: 1601-50 Oe. The values of

(N001 1955)
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a b

Fig. 7a and b. Fold test in the Schlierenflysch. The small circles
represent sample directions in the lower hemisphere while the
small triangles are directions in the upper hemisphere. The star
locates the mean direction and the ellipse is the projection of
the 95% confidence circle. a Before fold correction. b After fold
correction

VRM (x 10-7 Gs )

L09 t (hours )
*I

1 2 3 4 5

Fig. 8. The intensity of VRM acquired in time (t) plotted against
log t. Three of the samples were demagnetized (AF) up t0 peak
fields of 200 Oe at time 1:0

H2 coincide with the range of peak demagnetizing fields at which
the NRM reached instrumental noise level. Therefore both build-
up of VRM during storage and its subsequent destruction by
alternating fields indicate that the NRM of these flysch samples
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Fig. 9. Removed vectors during various stages of alternating field
demagnetization of the VRM acquired in 6 months

is entirely of viscous origin and acquired during the Brunhes nor-
mal epoch.

In order to investigate the viscous behaviour in more detail,
we studied several samples which were much more viscous than
the norm. In this experiment we continuously recorded the decay
of viscous magnetization acquired during 5—400 sec emplacement
in the Earth’s field (Fig. 10).

Dunlop and West (1969) reviewed the theoretical and experi-
mental evidence Showing that multidomain grains have a decay
rate of VRM half as big as the growth rate. In these flysch
samples, the decay rate was about 1.5 times greater than the
growth rate. This evidence further supports the hypothesis that
single domain magnetite grains with short relaxation times at room
temperature are responsible for the VRM in the flysch.
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Fig. II. ShÜI‘t time aequisition ef VRM. The slopes are identieal
für büth the undemagnetized (cmsses) and the demagnetized (cir-
des) sample

A plüt ef the aequired VRM against log t (see) for an undemag-
netized and demagnetized pair ef these very viseous flysch samples
(Fig. 11) demenstrates the very fast aequisition of VRM. The
aequisitien behaviour i5 similar für both magnetization states,
and these samples aequired 50% 01° their NRM values in about
10 min.

The viseüsity 01° the flysch samples may be related t0 their
relatively high Centent ef veleanie and plutenie detritus. X-ray
diffraetien analysis ef a magnetieally separated fraction, optieal
examination of polished seetiens and mieroprobe investigations
failed t0 identify any magnetie mineral. Thus the magnetite grains
are probably smaller than the resolving power of these metheds
(ca. l um). Howeven a large albite component was present in
the magnetieally separated fraetiün. Sinee albite itself i5 not magnet-

m KRF’FH MHx N NUHBEH 2F SHMI’LEEA ‚KHF’F‘R INTEHH PLZTTED: 38e KRPF’R MIN am
A. Es

F R Y 9 U X
HITH TECTENIC CBRRECTEEN

Fig. 12. Axes of the magnetie suseeptibility ellipseid für samples
from the Fayaux quarry of the Gurnigel flyseh. The Ihfck Eines
at the edge of the eirele give the mean elengatien axis ef flute easts

ic, this ebeervatien indieates that magnetite might be present
a5 exsolved phases within the twinning lamellae ef the plagioelaee.
Indeed, in thin seetions several large grains of albite did exhibit
tiny opaque phases — pessibly magnetite — aligned aleng the twin-
ning interfaees. These phases were in the mieren t0 submieren
size and may be respensible für the partieular viseüsity üf the
rocks investigated.

The viseous nature of the NRM explains the laek ef reversed
NRM direetions (Fig. 5). The time span represented by the depüsi-
tion of the samples i5 auch that reversed direetiüns would be
expeeted if the magnetizations were primary. The NRM direetiens
before teetonic eerreetion (Fig. 5) are elose t0, but de net eeineide
with, the present-earth’s field direetiün. This i5 prübably due t0
the influenee of VRM aequired in the laboratory whieh would
have some eonsistency in direetien für eüres drilled with a pre-
ferred orientatien in a quarry faee, and subsequently stored upright
in the laboratery.

(d) Magnetic Anisotropy

In magnetite bearing roeks sueh as the Gurnigel flyseh, shape
anisotropy in magnetite usually eentrels the fürm ef the suseep-
tibility ellipsoid. After alternating field demagnetizatien, the suseep-
tibility of the samples was measured using the SCT eryegenie magne-
temeter in suseeptibility müde as deseribed by Seriba and Heller
(1978). The suseeptibility in the f'lyseh i5 anisetrepie. The predemi
inant feature of the plots of the majer axes ef the suseeptibility
ellipseids (Fig. 12) i5 that the minimum suseeptibility axes are
oriented perpendieular t0 bedding. The suseeptibility ellipsoids are
oblate (disc shaped), in other words, the ratie (Inm — kmin)/(km„ — km)
is greater than unity. kmim and km are net always distin-
guished (Channell et a1. 19T9) but in the ease Üf Fayaux (Fig. 12)
the maximum suseeptibility axes eeineide with the axes ef flute
easts. This eblate sedimentary fabrie i5 typieal für magnetite bear-
ing meks but the müde of üceurrenee Df magnetite in these flyseh
leads us t0 believe that the fabrie may net be due t0 the shape
alignment of the magnetite grains themselves. The magnetite grains
are smaller than a few mierens and oeeur along the twin planes
(010) of albite grains. The predeminant eleavage planes ef albite
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are (001) and (010), therefore the elongated Clusters of magnetite
grains will tend to be oriented parallel to the maximum elongation
axes of the host albite. The sedimentary fabric in the flysch is
due to the orientation of albite and other detrital grains by gravita-
tional and hydrodynamic forces. It is the coincidence of elongation
axes of albites and the elongation of magnetite Clusters that gives
rise to a susceptibility anisotropy which reflects sedimentary pro-
cesses.

3. Conclusion

Although not positively identified by X-ray and optical examina-
tion, the presence of magnetite in the flysch has been established
by coercivity and blocking temperature spectrum analysis. VRM
tests and IRM low temperature characteristics suggest that the
magnetite grain size is predominantly in the single domain to
superparamagnetic range. VRM has totally obliterated any prima-
ry magnetization which may have been present, and therefore
the NRM of the flysch of Central Switzerland no longer records
the direction of the ambient magnetic field at time of deposition.
The susceptibility anisotropy records a sedimentary fabric and
records preferential alignment of grains and hence palaeocurrent
direction.

Acknowledgements. Jan van Stuijvenberg and Bill Lowrie provided
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Source Parameters of Earthquakes From the Himalayan Regi0n*
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Abstract. Source parameters of eight recent earthquakes from
the Himalayan region are investigated, using single station
digital data from the Central Seismological Observatory in
Erlangen (FRG). Spectral displacement densities are obtained
for both P- and S-waves and eompensated for the effects of
geometrieal spreading and the instrument response in the ap-
plicable frequency range. Consideration is given t0 the effeets of
anelasticity and the radiation pattern. The compensated spectral
densities are analysed in terms of theoretical faulting models.
The seismic moment, the fault length and area, the stress drop
and related quantities are estimated. Some evidence is presented
as t0 the source time function and the anelastieity of the area.

Only one half of the earthquakes analysed are found t0
comply with the one—corner frequency model, the remaining
earthquakes revealing two eorner frequencies. The source time
function as retrieved from the far field displacement shows
approximately a cubic increase with time (t3 exp(—vt)). The
earthquakes are found t0 be of the low stress drop/low moment
type.

Key words: Earthquake source models — Seismic moment —
Stress drop - Source time function — Himalaya region.

Introduction

Following Reid’s (1910) ‘Elastic Rebound Theory’, various mo-
dels have been proposed for the description of the process in the
earthquake focus. The approaches can be elassified as static and
as kinematic. In the first ease earthquakes are treated as the
solution of a problem of elastostatics. Here n0 consideration is
given t0 the action of inertial forces, and attention is stressed on
the permanent deformation incurred subsequently to the earth-
quake process in the medium surrounding the focus. The empiri-
cal verification of such models resorts primarily t0 geodetic
measurements of deformation around faults. The eomponents of
the strain tensor can then be determined and related t0 the
seismic moment, the fault dimension, the stress drop and the
seismic energy of earthquakes (e.g., Tsuboi 1939; Byerly and De
Noyer 1958; Chinnery 1961, 1963). In practice, this approach is
restricted t0 observations made at short epicentral distances and
t0 near-surface events.

On the other hand, in kinematic models of the earthquake
process, the inertial forces are taken into aecount and the

* The paper was prepared whl-‚lile Dr. Upadhyay stayed at the
Institute of Geophysics of Hamburg University, as awardee of
a fellowship of the A.V.Humboldt-Foundation

earthquake is treated as the solution of a boundary value
problem. In addition t0 the source parameters previously men-
tioned, new parameters enter the problem, as the polarisation
angle of S-waves, the sense of first P-wave motion, the rupture
velocity, the friction on the fault planes and the source time
function. Thereby the source parameters are, at least in prin-
ciple, retrievable from the seismograms of earthquakes.

Kinematic models have received eonsiderable attention in
reeent years, due to the greater flexibility of the approach, and
due t0 the relative ease of making observations at both small
and large epicentral distanees. In line with this approach the
present paper is based on the analysis of seismograms for the
purpose of obtaining source parameters of a suit of earthquakes
from a particular region — the Himalayas.

Mathematically treatable source models assume either a
displacement discontinuity aeross the fault plane (e.g., Haskell
1964, 1966, 1969; Savage 1966; Aki 1967), or a stress discon-
tinuity due t0 a distribution of elementary forces acting at each
point of the fault plane (e.g., Ben-Menahem 1962; Hirasawa and
Stauder 1965). The source time function, i.e., the displacement or
stress at each point of the fault plane as function of time, has
been originally postulated t0 have the form of either a step (Aki
1968), or a ramp (Haskell 1964). Brune (1970) related — more
realistically — the source time function t0 the effective stress
available t0 aceelerate the two sides of the fault.

On this basis, the aims of the present paper are the follow-
ing:

(i) verification of known theoretical earthquake models
with the help of eight well-recorded earthquakes from
the Himalaya-region,

(ii) retrieval of the source parameters, and
(iii) analysis of the source time function charaeteristic of the

earthquakes.

Data and Method of Analysis

Digital magnetic tape recordings of the earthquakes listed in
Table 1 were obtained at the Central Seismological Observatory
(Grafenberg) at Erlangen (FRG). The position of the earth-
quakes with respeet t0 the Observatory is shown in Fig. 1. P- and
S-waves were analysed for time intervals of 40 and 80 s and of 60
and 120 s respeetively, beginning at the expected arrival time of
each of the waves. The time intervals determine the lowest
usable frequency. On the other hand, the Nyquist frequeney
(10 Hz) is determined by the digitisation interval, amounting t0
1/20 s. Displacement amplitude spectral densities are obtained
by way of the FFT-method. Corrections for the instrument re-
sponse, the geometric spreading of the wave front and the effeet

0340-062X/80/0048/0067/502.60
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Table 1. List of earthquakes analyzed

Earth— Date Origin time Magnitudea Depth Location of Epicentral Source
quake (km) epincentre distance azimuth
No. MB MS from Central from Central

Seismological Seismological
Observatory Observatory

1 29.5.76 12h 23m 18.7S 6.1 6.9 8 24.57° N 70.11° 75.103O
98.953° E

2 29.5.76 14h00m18.5S 6.0 7.0 10 24.531° N 69.98° 75.303°
98.71o E

3 12.8.76 23h 26m 46.2S 6.4 5.8 b 27 26.68° N 67.41° 74.847o
97.07o E

4 6.11.76 l8h 04m 08.9S 5.8 6.5 33 27.605o N 69.21o 71.415°
101.05O E

5 21.7.76 15“10““45.6S 5.8 6.3 9 24.782O N 69.79o 75.123O
98.698° E

6 9.6.76 00h 20m 39.5S 5.7 5.9 33 24.894O N 69.75° 75.007°
98.752o E

7 1.1.77 21h 39m 41.3S 5.9 6.3 27 38.146o N 55.86o 69.240O
91.007o E

8 19.1.77 0h 46m 18.3S 5.9 5.8 33 37.022° N 59.42o 67.383o
95.697O E

Coordinates of recording station of the Central Seismologieal Observatory: 49°41’ 31” N, 11o 13’ 18” E;
a Magnitudes published by USGS, unless otherwise mentioned
b Magnitude calculated from Erlangen records

of the free surface are introduced into the spectra by way of
well-known methods (see Bäth 1974). The velocity response of
the instruments of the Central Seismologieal Observatory is
shown in Fig. 2.

It may be mentioned that the earthquakes investigated are
the strongest in the region under consideration, in recent time.
Furthermore, it has been made sure that no microseismic storm

°° 9: <5 °°0\? O 4l 8 8 9 ‚<3 TI l

Fig. l. Position of the epicentres in the Himalayan region with
respect to the recording station. Numbers adjacent to the epi-
centre locations correspond to those used in the remaining
figures and tables

68

took place during any of the earthquakes. In consequence of
that, and in View of the quality of the recording station, the
signal-to-noise ratio is as favourable as it can be for respective
earthquakes observed in Central Europe.

Theory

The kinematio source models developed by Haskell (1964), Aki
(1967), Berckhemer and Jacob (1968), Brune (1970) and Savage
(1972) predict a far field radiation with the following common
features:

(i) the low-frequency trend in the displacement density
spectrum forms a line parallel to the frequency axis;

(ii) the displacement density spectrum decays at high
frequencies;

(iii) the high-frequency and low-frequency trends in the spec-
trum intersect at one or at two frequencies, forming
corners in the spectrum and defining corner frequencies;

(iv) corner frequencies are related to the dimensions of the
source;

(V) the low-frequency value of the spectrum is determined
by the seismic moment of the source;

(vi) the high-frequency decay of the spectrum is oontrolled
by stress drop or by the effective stress (Brune 1970).

The following relations exist between the source parameters
and the parameters characterising the displacement density
spectrum of the radiated signal.

Seismic Moment M0. According to Keilis-Borok (1959):
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Fig. 2. Instrument response of seismometers used

47r v3 Q a)M 0 =M (1)2RR94‚

where

p =density near the seismie source, in gm/cm3
R =factor accounting for the geometrieal spreading of the

wave front in a spherically stratifled earth, in cm“ 1
v =velocity of P— (oc) and S-waves (ß) in the source region, in

em/s
Qo(w)=low-frequency level of the displacement density spee-

trum, in cm/s

R04, =factor accounting for the radiation pattern of P- and of

S-waves; OgIRwl _S_ 1.

The amplification of the amplitude at the free surface is taken
care of by the factor 2 in the denominator.

In Eq. (1) R is given by

1

70

s1n 1h dih
sin A cos i0 dA (2)

with

rO =radius of the Earth, in cm
ih =angle of emergence at the focus at depth h of the ray

emerging at epicentral distance A
i0 =angle of ineidence at the Earth’s surface, at epicentral

distanee A (Shimshoni and Ben Menahem 1970).

Formula (1) is used for the deterrnination of the seismie
moment. For this purpose, in the present paper, the following
numerical values are assumed for the respective quantities:

p = 2.7 gm/em3
oc = 6.0 km/s
ß = 3.5 km/s
u: 3.3 >< 1011 dynes/cmz.

Fault Dimension. Formulae involving the fault dimensions have
been derived for various source models. Depending on the
model, the fault dimensions are functions of the corner fre-
quency or frequencies fi (i= 1, 2, 3), the seismic velocities oc, ß at
the focus, the rupture velocity vR and the fractional stress drop 8.
Table2 ShOWS the formulae for the models of Haskell (1964),

Table 2. Relation between corner frequencies
f, and fault dimensions for various fault
models (Savage 1972)

saverage rupture velocity in cm/s. L, w, A
=length (cm), width (cm) and area (cm2) of
fault, a=(dimensionless) fractional stress
drop. While Haskell assumes a reetangular
model, both Brune, and Berckhemer and

Model S-wave P-wave

ÜRHaskell (—=0.9
ß

oc
One corner frequency: f3 = 3.8 —ß— f3 — 1.7 ——1/2 fl

oc
Two corner frequencies f1 = 3.6% f1 =1 2

l:
oc

Brune (L=2a)

1.6—0.68 16—068= . ————— =4.1One corner frequency f3 4 lß 8A
f3 oc

8A

Two corner frequencies f1 = 4.7% f1 = 4.7 -—

‚8
(1.6—0.68)

oc
(1.6—0.68)

= . — ———— 24.7 — ————f2 4 7 L 8 f2 L 8

Berckhemer and Jacob (L=2a, um" =0.9)
ß

oc
One corner frequency f3 = 2.5 g f3 = 1.5

ZJacob assume equivalent circular models
(radius=a) of the fault. f3 =]/f1 f2 applies
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Fig. 6.
Seismngrams and spectra corresmnding
t0 earthquakes N0. 7 (upper portion) and
N0. 8 (lüwer pül‘tiün). See Note of Fig. 3
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Berckhemer and Jacob (1968), Brune (1970) and Savage (1972).
In Haskell’s model, the fault plane is assumed to be of rect-
angular shape, the width and length being w and L re-
spectively. Also, unilateral fracture propagation with a constant
rupture velocity is here assumed. In Brune’s model, the rupture
propagation is neglected. Instead, the parameter 8 is introduced
which accounts for the fractional stress drop along the fault
plane during the earthquake. In Berekhemer and Jacob’s model,
the effect of maximum reputure velocity, as opposed to average
rupture velocities in the previous cases, is considered. In a
generalisation of Haskell’s (1964) model, a bilateral fracture
propagation in opposite directions is discussed by Savage (1972).
In this case, as also in Haskell’s model, two corner frequencies
are expected, provided that the ratio of fault length to width is
large.

Average Dislocation and Stress Drop. Aki (1966) has related the
seismic moment M0 to the average dislocation ü, and the fault
area A (=L- c0) through the formula

M0
H (3)ü:

where u is the rigidity of the material in the earthquake focus.
The seismic moment so found can be used for the estimation of
the stress drop, Ao=(c71 —02), during an earthquake at the
focus, whereby 01 and 02 are the average initial and final shear
stresses on the fault surface respectively. According to Brune
(1970) the corresponding relation for a circular fault plane with
radius r is

7 M0
410—16 r3 , (4)

which readily can be estimated.

Structure of the Spectra and Numerical Results

Figures 3—6 show body wave displacement density spectra,
corrected for the instrument response. Eaeh of the graphs iden-
tifies in the top line the earthquake as to its number in Table 1,
and the oocurrence date, as well as the wave-type, the seismo-
meter-component under consideration, the arrival time of the
respective phase and the record length (40, 80 or 60, 120 s). The
wave trains analysed are included in the lower left portion of
each diagram. The arrow in the upper part of the diagrams
indieates the frequency at which the response of the seismometer
falls below 0.707 of the maximum value. Below this frequency
the spectra become progressively less reliable. The steep rise of
the spectra at the lowest frequencies is attributed to the trun-
cation of the Signal with a box car or Hamming window, in
accordance with results of Linde and Sacks (1971). Nonetheless,
a plateau is identified in all cases, though of variable quality. An
approximation of the constant level and of the decaying part of
the spectrum is attempted, as shown by the solid lines. The
intersection of the two lines defines the corner frequency. Wher-
ever applicable, the spectra are approximated by an additional,
intermediate line (dashed). Two corner frequencies (f1, f2) are
defined by the intersections of the dashed and the two solid
(level and decaying) lines. The portion of the spectrum with
values three decades below the level portion is neglected as a
rule in the approximations. An error estimate of the level
portion of the spectrum is indieated by horizontal, parallel lines

74

(dashed) above and below the optimum value. The corner
frequencies are shown by arrows on the frequency axis.

The spectra are found to have a definable constant level at
low frequencies. The high frequency decay is controlled by one
segment in case of the earthquakes Nos. 5, 7 and 8 yielding one
corner frequency (type A earthquakes), and by two segments in
case of earthquakes Nos. 1, 2, and 4 (type B earthquakes)
yielding two corner frequencies. For earthquake No. 6, only the
spectra of S-waves show two corner frequencies. Earthquake
No. 3 yields spectra with one corner frequency though with two
exceptions (S-wave on EW-(60 s) and NS-(120 s) components).
Both earthquake Nos. 3 and 6 are labeled as type C (see
Table 3).

The high-frequency decay of the spectra is approximated by
the function const. f ’y. Table 3 summarizes all pertinent values
concerning the spectra. The values given in the table are aver-
ages of determinations made independently for the P-wave
Signals 40 and 80 s in length, and for the S-wave Signals 60 and
120 s in length. For S-waves, the values from the two horizontal
component records were averaged too. The respective corner
frequencies as well as Q0 and +y revealed a good agreement,
even prior to averaging (see Figs. 3—6), proving that these values
are independent of the record length for a partieular phase
within the range investigated.

Table 4 gives the numerical values of the seismic moments,
the stress drop and the average disloeation, as found with the
formulae (1), (4), and (3), and the Table 2. Thereby, the moment
from S-waves is obtained by way of a vector addition of the
values found from the NS- and EW-Component, as usually done.
Also, for comparison, the seismic moments are given in accor-
dance with the formula,

log M0 = MS + 19.2 (5)

valid in the magnitude range ögMSgZ with M0 in dyne cm,
and correlating the moment with the surfaoe wave magnitude
(Aki 1973). It can be seen that the moments of the 8 Himalaya-
earthquakes determined from S- and from P-Waves are in fair
agreement, for each of the earthquakes, while at the same time
they are lower on the average, by one order of magnitude, if
compared with the ones found from Aki’s formula.

The question arises as to the achievable accuracy of seismic
moment determinations. In View of the difficulties in separating
P- and S-phases from others, as pP, sS, sP, pS, core phases, etc.‚
it is quite possible that the Signals Fourier-analysed are the
result of interference between phases. This can lead to an
overestimate of the moment by a factor of 2—3. Thus, individual
moment determinations can be accurate only to within about
one order of magnitude. Even so, though, the deviation of
moments of the Himalaya-earthquakes here investigated, from
Aki’s average relation appears to remain valid.

No clear dependence of either the stress drop or the average
dislocation on magnitude is seen. All eight earthquakes feature
however relatively small values of the stress drop, which fact
labels the earthquakes as being of low stress drop type.

Table4 further shows the fault length and area, as found
from the spectra when using the three source models indieated.
As a rule, the fault plane area found from P-waves is smaller
than that from S-waves. In addition, differences among the
estimates of upto one order of magnitude are seen, depending on
the model employed. A comparison is made in Fig. 7 of all fault
plane areas found here from S-waves, with fault plane areas
given by Bäth and Duda ( 1964) and by Chinnery (1969).
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Table 3. Characteristics of displacement amplitude density spectra for P- and S-waves

Earthquake Spectral characteristic of P-wave Spectral characteristic of S-wave

NO- Type Qo +7 f1 f2 f3 Q0(NS) Qo(EW) +7 f1 f2 f3
(x 10‘ 4 cm-s) (Hz) (Hz) (Hz) ( x 10‘ 4 cm-s) (x 10‘ 4 cm-s) (Hz) (Hz) (Hz)

1 B 19 3.47 0.07 0.39 (0.24) 150 55 4.57 0.061 0.23 (0.12)
2 B 14 3.92 0.086 0.57 (0.29) 150 89 4.52 0.047 0.30 (0.13)
3 C 5.65 4.49 — —— 0.41 12 8 3.75 0.075(?) 0.28(?) (0.17)
4 B 10.25 3.61 0.13 0.65 (0.30) 40 30 3.82 0.065" 0.29 (0,17)
5 A 3.15 4.33 — — 0.40 22 22 3.66 — — 0.13
6 C 1.6 4.33 —- — 0.41 6 7 4.27 0.071 0.30 (0.18)
7 A 5.65 3.47 —— — 0.30 7 7 4.38 — — 0.22
8 A 5.1 3.14 — —— 0.30 9 7 3.86 — — 0.18

yzslope (negative) of high-frequency portion of spectrum
A =one corner frequency, B =two corner frequencies, C =mixed spectra — one or two corner frequencies

Table 4. Calculated values of seismic source parameters

Earthquake Phase Moments Stress Average Brune’s model Haskell’s model Berckhemer
_— used drop dislo- and
N0. Ma Typeb Deter- from (bars) cation Length Area Length Width Area Jacob’s model

mined Aki (cm) (km) (km2) (km) (km) (km2) _—
from (1973) Length Area
spectra (km) (km2)

x 1025 (dyne - cm)

1 6.9 B P 1.42 12 6 7.2 15.1 19 284 16 6 96 6 29
S 2.05

'
3.6 12.8 24 451 33 10 324 12 106

2 7.0 B P 0.80 15 8 8.5 14.5 15 168 13 4 54 5 19
S 2.23

'
6.0 16.8 22 380 43 8 325 11 96

3 5.8 C P 0.39
(10)

10.3 12.4 11 96 4 16 4 10
S 0.18

'
3.3 2.9 16 189 27 8 218 8 53

4 6.5 B P 0.69 5 0 7.1 11.8 15 177 9 4 31 5 18
S 0.57

'
1.0 3.6 24 467 31 8 245 8 55

5 6.3 A P 0.23 3 2 5.6 7.0 11 101 4 17 4 10
S 0.39

'
1.3 3.9 20 305 16 272 11 87

6 5.9 C P 0.10
(13)

2.9 3.3 11 96 4 16 3 10
S 0.09

°
0.7 1.6 15 165 29 8 218 8 47

7 6.3 A P 0.33 3 2 3.6 5.7 15 177 5 29 5 18
S 0.10

'
1.7 2.6 12 113 10 95 6 31

8 5.8 A P 0.32
(10)

3.0 5.3 15 184 5 29 5 19
S 0.30

'
2.4 5.3 15 170 12 142 8 49

For one—corner frequency earthquake (Type A) Haskell’s model predicts equal length and Width of fault plane.
Moments outside of range of applicability of Aki’s (5) formula are given in parantheses

Compare Table 1
Compare Table 3

The fault plane areas from the three models show a clear
though gentle dependence on the surface wave magnitude. For
the larger earthquakes, the areas are exceeded by those cor—
responding to Chinnery’s, and t0 Bäth and Duda’s empirieal
f0rmulae, while for the smaller magnitudes a better agreement of

all estimates is found. This fact may bear some evidence con-
cerning the strain release. The determination of the fault plane
area by Bäth and Duda was based on Benioffs hypothesis,
according t0 which the aftershocks delineate the fault plane
activated during the main shock. While this hypothesis is sup-
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Fig. 7. Fault plane area as determined in the present study
according to three different models of earthquake process. In-
cluded are results obtained earlier by different methods shown
in thick solid lines

ported by the present measurements only in the lower magni-
tude range, say from 5.8 to 6.4, it is contradicted for large
magnitudes. In the latter range the main shock oecurs on a
smaller fault plane than is the plane delineated by subsequent
aftershocks. The aftershocks let the originally activated fault
plane grow, its area yielding an overestimate of the fault plane
area of the main shock. This discrepancy of fault plane areas, as
seen in Fig.7 for magnitudes above 6.4, is Viewed on the
background of the relative abundanee of aftershocks following
the larger earthquakes. It indicates that the stress drop in a large
magnitude main shock is less complete than in case of a main
shock in the magnitude range, say, 5.8—6.4.

The disagreement of the Bäth and Duda formula on one
side, and the estimates of the fault plane area in the upper
magnitude range on the other (Fig. 7), can also be a consequence
of the fact that the coherence length Kz 1 and the eoherence
time K; 1, as defined by Aki (1967), are systematically exceeded
by the fault length L and the characteristic time T. The possi-
bility of an underestimate of the fault dimension under this
condition was pointed out by Savage (1972). If this is the case,
Benioffs hypothesis mentioned above eontinues to be valid in
the entire magnitude range, along with Bäth and Duda’s fault
plane formula.

Figure 8 eompares the fault lengths found here from the
three models, with empirical formulae which have been pub-
lished by Toeher (1958), Iida (1959) and Press (1965). The
estimates found in the present study are given separately for P-
and for S-waves.

The formula by Iida shows the poorest agreement with the
present results, while those by Tochter and Press appear to
feature a too strong dependence on magnitude. The overall
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Fig. 8. Fault length from S—waves (upper portion) and from P-
waves (lower portion) as determined in the present study accord-
ing to three different models of the earthquake process. Included
are the results obtained earlier by different methods shown by
solid lines

agreement of the results with the two empirical formulae is,
however, satisfactory.

Discussion

Theoretical considerations lead to opposing Views on the be-
haviour of seismic spectra at low frequencies. A constant level
down to zero frequency is predicted in models of Haskell (1964),
Aki (1967), Berckhemer and Jacob (1968), Brune (1970) and
Savage (1972). On the other hand, a dominant period should
prevail according to Kasahara (1957), Tsujiura (1967), Archam-
beau (1968) and Linde and Sacks (1971, 1972). In the first case,
the constant level in the spectrum is supposed to reflect the
moment of the equivalent double couple point source, while in
the second case, the dominant period is thought to be a function
of the source dimension. The empirical verification of either of
the models is overdue, mainly because of the difficulties of
obtaining reliable instrument responses at long periods. This
limitation is equally faced in the present investigation. Though
the spectra do reveal a constant level in part of the frequency
range investigated, a subsequent drop at still lower frequencies
cannot be excluded. The interpretation of spectra given in the
present paper favours models predicting a constant level down
to lowest frequencies. The empirical spectra obtained in course
of the present study do not preclude however the possibility of
the models predicting a dominant period to apply at least t0
some class of seismic events.

The spectra presented in Figs. 3—6 are corrected for the
instrument response and for the geometric spreading of the wave
front. They are thus more reliable in the low-frequency part, in
the sense that they reflect the spectrum radiated from the source.
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Fig. 9. Absorption effect as a function of frequency for two of
the investigated earthquakes. A range of Q-Values is assumed for
P- and S-waves, as shown

A further correction for the attenuation would have to be
applied, particularly in the high-frequency part if a progressive
deterioration of reliability with frequency is to be prevented. The
correction would require the knowledge of the distribution of
the Q-factor along the ray path from the Himalayas to the
recording station.

In Fig. 9 the factor is shown, by which the spectral densities
of P- and S-waves would have to be divided in the applicable
frequency range, for average Q-Values along the ray path rang-
ing from 300 to 2000. In Fig. 10a, b, as an example, the spectrum
of the earthquake No.3, as given in Fig. 4, is compensated for
the absorption. Thereby three different Q-Values are assumed in
each case, as applicable for the respective wave. It can be readily
seen that high average Q-Values lead to only a slight change in
the observed spectrum, while a decrease in the average Q-Value
yields a spectrum which not only progressively deviates from the
observed one, but appears to become less reliable. This is due to

the fact that Q is not likely to be constant along the ray path. To
avoid the related uncertainties, observation of spectra at near
epicentral distances are in need. In any case, the level portion of
the spectra suffers least from absorption, which fact leaves
moment estimates, and estimates of the corner frequency, vir-
tually unaffected.

The problem of a global Q-profile, and of regional per-
turbations of such a profile, is under investigation since some
time. Recently, Anderson and Hart (1978) have published four
Q—profiles for S- and for P-waves, on the basis of abundant,
world-wide estimates. Their values tend to be generally lower
than hitherto believed. The average Qß and Q, above the mantle-
core boundary for the models SL 2, SL 3, SL7, and SL8 amounts
to 240 and 600 respectively. Both values are in fair agreement
with estimates of Nortmann (1977), who finds average Q-Values
of 300 and 500 resp. underneath the Eurasian continent.

For earthquakes at epicentral distances of about 65°, as in
the present investigation, the ray paths have their lowest point
at 1,600 km. The Q-profiles of Anderson and Hart predict that in
this case the ray paths have longest segments in layers with Qß
close to 400, and Q, close to 1,000. Thus, it is likely that the
waves analysed here were mainly transmitted through layers
with Q-Values higher than the respective average values. We
conclude that estimates of seismic moments and of corner
frequencies, as given here, are only mildly distorted by anelas—
ticity.

Moment (as well as magnitude and energy) determinations
made at one station suffer from uncertainties due to the ra-
diation pattern. If, however, a double couple source model is
assumed, the radiation maxima of both kinds of body waves are
rotated by 45° with respect to each other and the maximum of
one should coincide with the minimum of the other. Though
some information on the tectonic trend in the investigated area
is known (Tandon and Srivastava 1975), a transposition of it
into the probable orientation of the fault planes of the in-
vestigated earthquakes, and a subsequent determination of R94,
[see (1)] is futile in View of other uncertainties. We observe
systematically lower values of moments from P-waves, if com-
pared with those from S-waves (see Table 4). Both are, however,
always of the same order of magnitude for a given earthquake,
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indicating that the observation is made far away from a nodal
1ine of either the P— or the S-wave. We consider this fact as
justifying the neglection of the radiation pattern in the present
case. For numerical calculations R04, is set equal to one.

The asymptotic behaviour of the spectra at high frequencies
is reflected by the y-coefficient. The numerical values for the
eight earthquakes considered are given in Table 3. The averages
of y are 3.8 for P-waves and 4.1 for S-waves. If high Q-values are
assumed along the ray path (e. g., 1,200 and 2,000 for S- and P-
waves respectively; see Fig. 10), the observed y-values can be
interpreted in terms of build-up of slip at any point of the fault
plane. As pointed out by Savage (1972), y is determined then by
the order of discontinuities in the pulse shape. Discontinuities in
the displacement, velocity and acceleration of the initial motion
result in y=1,2,3 respectively. A yg4, as found here, would
imply an initial increase with time of the approximate form
t3 exp ( — vt).

It is more likely however, that the y-values determined from
the spectra are influenced not only by the radiated spectrum, but
by Q along the ray path as well. Whether the radiated spectrum
in fact had a y: 3, as corresponding to an initial displacement of
the form t2 exp(—vt) (Savage model), or y=2, corresponding to
t exp (—vt) (Brune and Berckhemer and Jacob model), or even y
=1 corresponding to a Heaviside unit step increase, could only
be decided if detailed Q—values along the ray path were avail-
able.

We finally remark that, at variance with Haskell’s model, but
in agreement with the findings of Wyss and Hanks (1972) and
Hanks and Wyss (1972), the corner frequencies for P—waves are
about twice those for S-waves in case of the investigated Hima-
laya-earthquakes.

Conclusions

1. The spectra of 8 Himalaya-earthquakes are of both one-
corner-frequency and two—corner-frequency type. While the fault
length exceeds the width in the latter case, both, length and
width are comparable in the former case.
2. The earthquakes are found to be of low-moment, low-stress
drop type.
3. A discrepancy is seen between the fault plane areas as
determined from the spectra and from the aftershock distribu-
tion for earthquakes with magnitudes above 6.4, but in agree—
ment for lower magnitudes. From this, an only partial strain
release is concluded in the large-magnitude earthquakes, which
usually are followed by long aftershock sequences.
4. The stress drop and the fault length show only an uncon-
spicuous dependence on magnitude.
5. Assuming no absorption losses along the ray path, the
asymptotic behaviour of the spectra suggests an initial displace—
ment proportional to t3 exp(—vt).
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Teleseismic Evidence for Velocity Heterogeneity Beneath
the Rhenish Massif *

S. Raikes

Geophysikalisches Institut, Universität Karlsruhe, Kaiserstr. 12, D-7500 Karlsruhe 1, Federal Republic of Germany

Abstract. Observations of teleseismic P wave residuals for 56 sta-
tions in the vicinity of the Rhenish Massif show that arrivals
within the Massif may be up to 0.6 s later than those immediately
outside. Stations within the Massif also tend to have delays which
are strongly azimuthally dependent (up to 1 s variation) in marked
contrast to those outside (maximum 0.3 s variation). The strongest
variation and delays are associated with the area of the Massif
west of the Rhine, and preliminary modelling suggests they are
caused by a low velocity region in the uppermost mantle (ca.
50—150 km depth) centred beneath the West Eifel volcanic field.
Delays of up to 0.8 s, but with little azimuthal variation, are
also found within the Vogelsberg volcanics, and are attributed
to a shallower (S60 km) low velocity region.

Key words: Teleseismic P delays — Velocity heterogeneity —— Up—
per mantle structure —— Rhenish Massif.

Introduction

The Rhenish Massif is a relatively small (200 x150 km2) area of
plateau uplift that has risen some 150 In during the Quaternary.
The nature of this uplift and its causes are currently the subject
of an intensive multidisciplinary research programme in Germany.
As part of this, a detailed analysis of the variation of teleseismic
P wave delays for stations in the area (Fig. 1) with azimuth and
distance to the event is now in progress in order to obtain informa-
tion about velocity variations within the lower crust and upper
mantle beneath the Rhenish Massif. The technique has been de-
scribed in detail elsewhere (e. g., Raikes 1976; Engdahl et al. 1977),
and this paper only presents a summary of the Observations, and
their implications for the velocity structure.

Observations

Approximately 300 well-recorded events during the period 1976—
1979 were Chosen for this study, including 54 at distanees over
120°; the azimuthal distribution is fairly good, except to the SE
and NNW, although most events occur in the NE quadrant
(Table 1). First arrivals were read with a precision of 0.1 s at
most of the stations, and this data set was supplemented by bulletin
times for a few extra stations (Fig. 1). Delays were calculated
* Contribution No. 224, Geophysikalisches Institut, Universität
Karlsruhe

0340-062X/80/0048/0080/801.00

Table l. Distribution of events studied

Distance, degrees Azimuth, degrees

0—90 90—180 180—270 270—360

0— 40 8 20 3 4
40— 80 59 l2 21 12
80—105 64 — 12 25

Total 240 + 54 events at greater than 125 °

with respect to the Jeffreys-Bullen arrival times, corrected for
the earth’s ellipticity and station elevation, using the U.S.G.S.
hypocentral parameters. For the core phases Bolt’s (1968) times
were used since these gave a better fit to the observed dT/dA.
In order to minimise effects other than those arising from structure
beneath the stations, the residuals were then normalised by sub-
tracting the delays at BUH. For a given source region the scatter
in relative residuals at a single station was i005 to i015 s,
except for stations where bulletin data were used, where it was
generally i015 to 130.4 s.

A contour map of the average relative residuals for PKP phases
from events in the South Pacific is shown in Fig. 2. The values
of these residuals reflect structure directly beneath each station,
because the rays are essentially vertically incident, and they are
thus of great value in fixing the horizontal location of any anoma-
lies. The main features of this map are the late arrivals associated
with the Rhenish Massif and the station GLS in the Vogelsberg.
Outside the Massif the residuals lie largely between 0 and 0.3 s
except for a small area in the southern Rhinegraben and stations
such as WTS where sediment corrections are required. Observa-
tions for other source regions are similar to Fig. 2, although the
late arrivals associated with the western Rhenish Massif appear
to be shifted directly away from the source, giving rise to large
azimuthal variation of residuals (e.g. BNS ——0.l to +0.9 s, STB
0.02 to 0.92 s, BIR 0.1 to 0.9 s, ELG —0.09 to +0.81 s). There
is a marked contrast between the western Massif and the eastern
half whieh has earlier arrivals with less azimuthal variation (e.g.
TNS 0.16 to 0.56 s). Outside the Rhenish Massif the residuals
vary little with azimuth (e.g. CLZ —0.01 to +0.23 s, WTS 0.37
to 0.63 s, BFO —0.15to +0.07 s, WLS —0.2 to +0.1 s) implying
that the large variations in the western Massif are not simply
the result of changes in the level of residuals at the reference
station BUH. One exception is the station GRF which, as already
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noted by Wenderoth (1928), has large positive residuals for events
in the NE quadrant (0.6 to 1.2 s for azimuths 20° to 90° oompared
with 0.25 s for PKP and 0.3 to 0.5 s for azimuths 250° to 360°).

Implioations

The observed pattern of teleseismic delays suggests that there are
regions of low velooity beneath the Vogelsberg and the western
half of the Rhenish Massif. The azimuthal variation (over 0.5 s)
of residuals for stations in the latter area implies that they are
caused by a velooity deorease in the upper mantle. Figure 3 shows
a eross section through the Massif. with ray paths for events
in the North Atlantio, Hindu Kush. and Sumatra regions. and
the oontours of residuals for the vertioally inoident PKP phases.
The looation of these ray paths and of those for other souroe
regions suggests that the main low velocity regions lie at ca. 50
to 150 km depth beneath the western Massif. with the shallowest
point beneath the West Eifel, and a shallower (‚5360 km) region
beneath the Vogelsberg. The velooity decrease depends on the
depth extent of the low velocity region, but beneath the west
Eifel it must be at least 3%. The residual variation is also oompati-

ble with a ca. 50 km thinning of the lithoSphere beneath the west-
ern Rhenish Massif: a study of Rayleigh wave dispersion. whioh
is more sensitive to S velocity variations. by Panza et al. (1929)
indicates oonsiderable variation in lithospherio thiokness through-
out Europe with thinning in the Rhinegraben — Rhenish Massif
area.

More detailed modelling using automatio inversion procedures.
and different normalisation schemes. plus inoreased mobile station
coverage in the Belgian part of the Rhenish Massif. will allow
better constraints to be plaoed on the anomalous regions. Howev-
er, it is interesting that the should be great differenoes between
the areas east and west of the Rhine. Low velocities are often
assooiated with inoreased temperatures so it is perhaps reasonable
that the major anomaly should be assooiated with the west Eifel.
whieh is the area of most recent vuloanism. Currently available
gravity data do not show a oorrespondingly strong anomaly in
this area, so the velooity deorease is unlikely to be oaused by
a phase change (e.g. eologite Io garnet granulite. p 0.15 gom‘ 3).
A more likely explanation appears to be the presenoe of partial
melt (‚‘35 1%. Apm0.03 gern—3) which would also be detected by
deep electrioal sounding techniques as it oauses a marked inorease
in electrioal conduotivity.
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The Simulation Problem for Broad-Band Seismograms
D. Seidl
Seismologisches Zentralobservatorium Graefenberg, Krankenhausstr. 1—3, D-8520 Erlangen, Federal Republic of Germany

Abstract. A fundamental problem in the numerical data pre-
processing of digital broad-band seismograms is the Simulation
of arbitrary analog seismograph systems, especially seismome-
ter-galvanometer combinations. A special case of this Simulation
problem is the deconvolution or restitution problem as the
realization of a wide-band seismograph system with a transfer
function proportional to ground displacement, velocity or accel-
eration. The Simulation problem can be solved by a digital
cascade recursive filter using the bilinear z—transformation. Ap-
plications of the Simulation filter are: a combined interpretation
of digital broad-band and analog narrow-band recordings, a
routine analysis of broad-band seismograms consistent with
ordinary analog stations, the determination of the local magni-
tude from simulated Wood-Anderson seismograms and the re-
stitution of broad-band recordings. The relationship between
bandwidth, fine structure and information content of seismo-
grams can be demonstrated in an obvious way by comparing
broad-band recordings of the Graefenberg-array with simulated
seismograms for different standardized seismometer-galvanom-
eter systems.

Key words: Graefenberg-array — Broad-band seismograms —
Simulation and restitution problem — Bandwidth and fine struc—
ture of seismograms.

Introduction

A fundamental _problem in the pre-processing of digital broad-
band seismograms is the Simulation of arbitrary band-limited
seismograph systems. A special case of this Simulation problem
is the restitution problem as a realization of a seismograph
system whose transfer function is directly proportional to
ground displacement, velocity or acceleration in the broadest
possible frequency range.

While the application of simple band-pass filters is sufficient
for routine analysis of broad-band seismograms (determination
of arrival time, body wave magnitude, surface wave magnitude,
etc.)‚ for simultaneous processing of digital broad-band record-
ings and analog narrow-band seismograms it often proves neces-
sary or desirable to have the most exact possible Simulation of
the corresponding analog seismograph system. The analysis of
the Bukarest earthquake on March 4, 1977, is an instructive
practical example of this Simulation problem (Müller et a1.
1978)

Data for the realization of the Simulation problem are digital
broad-band seismograms from the 3-component station A1 (A1-

0340-062X/80/0048/OO84/802.00

Z, Al-N, A l-E) of the Graefenberg subarray A. The recording is
proportional to ground velocity between the 3—db frequencies
0.05 Hz (seismometer) and 5 Hz (anti—aliasing filter). The dynamic
range of the final version of the data acquisition system is 132 db
(not 138 db as it was intended; Harjes and Seidl 1978), the
resolution is 66 db. Due t0 the large dynamic range and high
resolution, as well as the small low-frequency noise level of the
feedback leaf-spring seismometer STS-lV and STS-lH (Wie-
landt 1973, 1975; Streckeisen 1978) it is possible to vary the
shape and bandwidth of the transfer function by digital methods
t0 a large degree.

Simulation of Seismometer-Galvanometer Systems

Seismometer-galvanometer combinations are the most impor-
tant narrow-band seismograph systems. A summary and classifi-
cation of the standardized response functions is included in the
Manual of Seismological Observatory Practice (Willmore and
Karnik 1970). Figurel shows the amplitude response t0 ground
displacement for the WWSSN-LP, WWSSN-SP, GALITZIN
and KIRNOS system. The appropriate instrument parameters
T1, h1, T2, h2 (natural period and damping constant of seismo-
meter and galvanometer), as well as the period at maximum
(Tmax) and the periods at the 3-db points of the amplitude
response (T1, T“) are summarized in Table 1.

An exact Simulation of the WWSSN-SP system would re-
quire the incorporation of the inductive coil reactances of the
seismometer (BENIOFF-seismometer of the variable reluctance
type) and the galvanometer (Savill et al. 1962; Chakrabarty et a1.
1964). For the practical processing of seismograms (determi-
nation of arrival time and body wave magnitude, improvement
of signal-to-noise ratio) an approximation using a suitable in-
duction free system is sufficient. As an example, Fig. 1 shows the
amplitude response of a seismometer-galvanometer combination
(T1 =1.05 s, h1 =0.67, T2=0.75 s, h2=0.55) which is a very good
approximation of the magnification curve between 0.1 and
5.0 Hz for the WWSSN-station Stuttgart.

Neglecting the galvanometer coupling factor and omitting
constant amplitude factors, the transfer function of the simu-
lation filter HSG(s) which transforms the broad-band seismogram
u into the simulated seismogram w is given by

Hso(S)=H61(S)'H1(S)°H2(S). (1)
sz+2h0wos+wä 2

S3 ( )H516):
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Fig. l. Magnification curves of the seismometer-galvanometer
systems WWSSN-SP, WWSSN-LP, GALITZIN and KIRNOS.
Instrument parameters in Table 1. A measured magnifications of
WWSSN-SP station Stuttgart (STU)

is the inverse transfer function of the broad-band seismometer
(velocity transducer with the natural period T0=27t/co0 and
damping constant h0),

S3

—sz+2h1wls+wfH1(5) (3)

is the transfer function of the simulated seismometer (velocity
transducer with the natura] period T1=27r/co1 and damping
constant h1), and

2
092H s =20 sz+2h2wzs+wä (4)

is the transfer function of the simulated galvanometer (natural
period T2=27t/co2, damping constant h2).

Combining Eqs. (1) t0 (4) gives

HSG(S)=HE(S) ‘ HG(S)
_sz+2h0wos+wä a):
—s2+2h1wls+wf sz+2h2wzs+wä (5)

The first factor HE(s) in Eq.(5) is the transfer function of an
inverse filtering circuit as described by Wielandt (1970). The
second factor HG(s) corresponds t0 the low-pass characteristic of
the galvanometer or a corresponding electronic filter (Wielandt
and Mitronovas 1976).

Since HSG(s) in Eq.(5) takes the form of the product of two
polynomial fractions in s, it is obvious that Simulation can be
approximated by a cascade of two recursion filters in the time
domain (Beauchamp 1973). The transition from the s-plane of
the continuous system t0 the z-plane of a sampled-data filter
with the digitization interval At can be made with the standard
z-transform or the bilinear z-transformation (Kaiser 1963). The
second, so-called z-form method has the advantage that no
aliasing problems occur. On the other hand, it has the disadvan-
tage that the entire imaginary frequency axis of the s-plane is
mapped onto the unit circle of the z-plane, producing a non-
linear distortion of the frequency scale. If the transfer function
H(s) can be pieced together from pass- and rejection-bands with
approximately constant slopes, then the frequency distortion can
be compensated for by a prewarping of the corner frequencies wi
(i=0‚ 1,2) of the continuous system t0 cöi according to the
conversion formula (Kaiser 1963; Beauchamp 1973)

otan i=—a)’.. (6)

The bilinear z-transformation

2 z—l
S=—-

At z+1 (7)

then shifts the prewarped values 5),. to the desired values wi.
Substituting coi for cöi after Eq.(6) and inserting Eq.(7) into

Eq. (5) the z-transform Hg(z) of the inverse filter factor becomes

(11):” Z———l+co’2
H*(z)=V*(Z)=

z+1 02+1 O
E U*(z) z—l 2 ‚z—l ‚2

(2+1) lz+1+w1 <8)
ao+alz‘1+azz‘2

_1+blz—1+bzz‘2

where wg=tan(At-coi/2) after Eq. (6) and k;:2hiw’i (i=0, 1).
V*(z) and U*(z) are the z-transforms of the inverse filter

output vt and of the broad-band seismogram u, respectively.
The filter coefficients in Eq. (8) are given by

Table l. Parameters of standardized seismometer—galvanometer systems

T1 h1 T2 h2 7; Tmax ‚In;

(S) (S) (S) (S) (S)
WWSSN-LP (VW) 15.0 1.0 100.0 1.0 6.06 14.40 32.29
WWSSN-SP (VW) 1.05 0.67 0.75 0.55 0.42 0.69 1.02
GALITZIN (VW) 12.0 1.0 12.0 1.0 3.15 6.93 12.98
KIRNOS (VW) 25.0 0.5 1.2 8.0 0.08 1.45 22.47
BENIOFF-LP (VG) 1.0 0.5 100.0 0.5 0.87 70.75 116.9

T1, T2: Natural period of seismometer resp. galvanometer
(21,112: Damping constant of seismometer resp. galvanometer
Tmax, Tl‚ 7;: Maximum period, lower and upper 3-db period of magnification curve for ground displacement

(VW) resp. ground velocity (VG) in Fig. 1
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1
aO=—-(a)'02+k'0+1)

b0
2

a1_E
‚02—1)

1 I2, I
a2=—(a)0 _ko‘l‘l)b0

2 I

b1=56(w12_1)

1 12 I
:_(w1 _k1+1) (9)bo

with

bOzw’zl +k’ +1.

Correspondingly, the z-transform of the galvanometer factor
Hä(z) in Eq. (5) becomes

H*(z=)
W"‘(z)= (0’22

G V*(z)_ z—1 2 ‚z—l ‚2
(2+1) +k22+1+co2

=c0(1+22‘1+z‘2)
(10)1+dlz‘l+dzz‘2

where w’22tan(At-co2/2) after Eq. (6) and k’2 =2h2w’2.
W*(z) is the z-transform of the simulated seismogram wt.

The filter coefficients in Eq. (10) are

co—äl; ’22

d1 612—0603 1)
d2=i(a)’22—k’2+1) (11)

d0

with

d0:60’22+k’ +1.

Rearranging Eqs. (8) and (10) gives

V*(z)-(1+blz"1 +b22’2)= U*(z)-(a0+alz‘1 +azz‘2) (12)

W*(z)-(1+dlz‘1 +d22“2)= V*(z)—c0(1+22‘1 +z-2). (13)
Application of the shifting theorem

X*(z)°z"‘Ex‚_k (14)

converts Eqs. (12) and (13) into difference equations:

vt=aout+a1u‚_1+a2ut_2—b1v‚_1—b212‚_2 (15)

wt=co(vt+21)t_1+v‚_2)—d1w‚_1—d2wt_2. (16)
Eqs. (15) and (16) describe a two-step recursion filter which
transforms the broad-band seismogram ut into the simulated
seismogram wt. The output of the first step corresponds to the
output of a seismometer with natural period T1 =27z/co1 (digital
inverse filtering). The upper cut-off frequency of wt is determined
by the anti-aliasing filter of the data acquisition system (corner-
frequency 5.0 Hz, slope 42 db/octave). Simulation of long period
systems is best accomplished by data reduction with a low-pass
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Fig. 2. Analog seismogram recorded by the LPZ-channel of the
SRO-station GRFO and eorresponding seismogram simulated
from digital broad-band data of array station Al-Z. The hori—
zontal distance between the stations is about 30 m, the vertical
distance about 110m
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filter followed by decimation. The z-form method can also be
applied to the Simulation of the SRO—system resulting in a
seven-step recursion filter for the long-period channel. A de-
tailed description will be given in a subsequent paper.

The Simulation filter approximates the amplitude character-
istic of the simulated system. The accuracy of the filter can be
demonstrated most clearly by comparing simulated with re-
corded seismograms. Figure2 shows an example for the long-
period SRO-system. An example for a seismometer-galvano-
meter combination was given by Harjes and Seidl (1978). The
most important applications of Simulation filters are the simul-
taneous analysis of narrow-band and broad-band seismograms,
routine processing compatible with analog stations, the approxi-
mate solution of the restitution problem, determination of local
magnitude with simulated Wood-Anderson seismograms, as well
as investigation of the dependence of the fine structure of
seismograms as a function of the band-width and dynamic range
of the seismograph system.

Broad-band seismograms contain a pronounced fine struc-
ture in the spectral range between 2 s and 20s that is suppressed
to a great extent by both the narrow-band analog stations and
the new SRO-stations (Peterson et a1. 1976). The main purpose
of the Graefenberg-array is to record this fine structure in the
frequency-wave number space with large dynamic range and
high resolution. The broad-band seismograms in Figs.3—11 are
recordings of the 3-component station A1 of subarray A. Com-
parison between these broad-band recordings and the simulated
seismograms of narrow-band systems makes it possible to de—
monstrate the relationship between fine structure or information
content, band-width and dynamic range. The first example is
given in Fig. 3. It shows the seismograms of the P-wave group
from an Uzbekistan earthquake on May 7, 1976, for a broad-
band recording BB-G proportional to ground veloeity as well as
the simulated seismograms for the WWSSN-LP and WWSSN-
SP systems. The seismograms, which were calculated with a
recursion filter, can also be Visualized as the convolution of the
broad-band seismogram with the velocity impulse response
function of the seismometer-galvanometer system. The pulse-
width of this function for the WWSSN-LP system is about 7s.
Fine structures that have a smaller time constant are smeared by
convolution. The P-wave group in Fig. 3 consists of two Signals
which are 6s apart. They appear in the WWSSN-LP seismo-
gram only as a broadening of the impuls and are lost to direct
interpretation (pP-phase of double shock). Only the arrival time
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and the speotral amplitude in the frequeney band around IHz
ean be read from the amplitude modulated, quasismonoehro-
matie WWSSN-SP seismogram.

Figure4 shows the total broad—band reeording BBÜG as welI
as the simulated seismograms for the KIRNOS, GALITZIN
and WWSSN+LP systems and demonstrates the superiority of
the WWSSN-LP system for reeording long-period surfaee wa-
ves.

FiguresS and 6 show seismograms eorresponding to those
shown in Figs. 3 and 4, taken from the Bukarest earthquake on
Mareh 4, 1977. The P-wave group of the broad-band seismoü
gram BB-G (Fig. 5) is made up of at least three impulses, whose
separation in time is less than the width of the impulse response
of the WWSSN-LP system, so that the individual impulses only
appear as shoulders in the simulated WWSSN-LP seismogram.
By eomparing the BB-G and WWSSN-LP seismograms in Fig. 5
Müller et al. (1978) identified and eorrelated eorresponding
shoulders in the recordings of many WWSSN-stations and were

Fig. 3. Broaduband reeording BB—G (proportional to ground
veloeity, upper 3-db period T; : 30 s; V,G = 10.4 p/s) and simulated
seismOgrams of WWSSN-LP (Vmax = 750) and WWSSN-SP (I’max
225,000) system of an Uzbekistan earthquake (May 1?, 1976,
02h 58m 40.6s, 40.4°N, 63.5“E, mb=6.3, A=37.4°). Magnifi-
eation VG is related to marked amplitude seale, maximum
magnifieation Vmax to lern
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Fig.4. Broad-band reeording BB-G (proportional to ground veloeity, T“: 305; Vo:42 p/s) and simulated seismograms o1 KIRNOS,
GALITZIN, and WWSSN-LP system (Vm3X

= 100) for the same earthquake as in Fig. 3. Instrument parameters in Tablel

8?
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Fig.5. Broad—band reeording BB-G (proportional to ground
veloeity, 7;=3()s, VG=138 u/s) and simulated seisrnograms of
WWSSN-LP [Vmax=60) and WWSSN—SP (Vmax22,500) system
of the Bukarest earthquake (Mareh 4, 1977, 19h 21m 54.15,
45.8 0N, 26.8 üE, mb=6.4, A =11.2°]
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thus able to show that the Bukarest earthquake was a multiple-
shoek.

Figure? shows a summary of simulated broad-band and
narrow-band seismograms for a deep foeus earthquake in the
North Korea region on Mareh 9, 1977. The P-wave group in the
broad-band reeording BB-G is Inade up of a low-frequeneyr
Signal and a high-frequency phase arriving shortly after the first
onset. The WWSSN-seismograms separate these two wave
groups and contain in this example unlike to Fig.3 and Figj
the same information as the broad—band reeording BB-G.

The seismograms in Figs.3ü7 demonstrate elearly the re-
lationship between bandwidth, signalshape and information eons
tent. The narrow-band seismograms are more or less smooth
whereas the broad-band reeordings show a pronouneed fine
strueture (for example multi-pulse signals, 1wariation of ampli»
tude and frequency with time) whieh eannot be eompletely
reconstrueted froni digitized analog seismograms by deeon-
volution. The interpretation and inversion of this fine strueture
is the main objeet of broad-band seismology. Some examples
should be mentioned: Phase identifieation and determination of
souree depth with theoretieal seismograms (Kind 1979), de-
termination of souree parameters by speetral analysis (Stoll
1979) and by using the broad-band data as referenee seismo-
grams for the interpretation of analog reeordings [Müller et a1.
1978)

Simulation of a Wond-Anderson Seismograph

The loeal rnagnitude ML is related to the rnaxirnurn amplitude
of a seisrnogram reeorded on a Wood-Anderson seismograph.
The usual practiee of deriving ML from some other kinds of

u«AIVHWWHHWWW

WWWWWWWWW

Fig. 6. Broad-band reeording BB-G (proportional to ground veloeity, 71,: 30 s, VG = 219 u/s) and simulated seismograms of KIRNOS
GALITZIN, and WWSSN-LP systern (Vmax
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=20) for the same earthquake as in Fig. 5. Instrument parameters in Tablel
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Fig.7. Broad-band racording BB-G (proportional to ground velocity, T„=1005, VG=5.7 a/S) and BB-W (proportional to ground
diaplaoemant, 71,260 s, Vmax:1,750) and Simulated seismograms of the systems KIRNOS (Vmax=2,500), GALITZIN (m=3,000),
WWSSN—LP (m: 3,000) and WWSSN-SP (Vmax:25,000) of a deep focus earthquake in the North Korea region on Maroh 9, 19??
[14h {im 53.6 s, 41.6 0N, 130.9 °E, h=528 km, mb=5.9, A =74.8°). Instrument paramaters in Tablal

instruments i5 the oalculation of equivalent Wood-Anderson ulating a Wood-Andarson seismograph in tho time domain with
amplitudes by point-by-point amplitude Conversion. The trans- a two-step recursion filter corresponding to Eq5.(15) and (16).
formation of short period records into synthetic Wood-Ander- The transfer funotion HWA(S) of a Continuous filtar whioh
Sün seismograms by Fourier transforrn was described by Bakun transforms the broad-band seismogram u into tha simulatad
EI a1. (1978). In the routine seismogram analysis at the Seis- seismogram x of a Wood—Anderson seismograph i5 givan, in
mologioal Observatory Graefenberg ML i5 calculated by sim- analogy to Eq.(1) by

89



HWAßk=H5 n H,n) (IN
H51(s) is tho inverse transfer funotion of the broad-band seis-
rnograph in Eq. (2) and

52

(18)H s : V3U 352+2h3w35+wä

is tha transfor funotion of ths Wood-Anderson seismograph
(displaoomont transduoer with tho natural pariod T3=0.8 s,
darnping oonstant 11320.8 and magnifioation V3=2,800). From
Eqs.(2), (l7), and (18), and omitting the gain factor V3 it follows

sl+2hüru0s+wä 1z: -—. 19sz+2h3w3s+mä s ( )Hwaü)

Applioation of the z-form method to Eq.(l9) onables the simu-
lation of a Wood-Andarson seismograph as a two-stap racursion
filtor in tho time domain in analogy to Eqs. (6) to (l6):

U:=.fo“:+.f1“:— 1 +f2111—2—81Ur_1—82Ü:_2 (20)

xF=hÜ{UI+ul—l)+xt—l‘ (21)

Tho filtor ooaffioients f, and g, ara given by tho ooofficionts a,
and b, in Eq. (9) when wg, takes tha place of w} frorn Eq. (6) and
k’l is raplacos by kg =2h3ru'3.

The rocursion Eq. (21) whioh is derivod from the factor l/s in
Eq.(19) oorrasponds to tha trapezoidal rula for numerical in-
tegration with 1102.41.72.

NÜÜD—RNDERSÜN
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d7
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IÜ SEE05:08:50

Fig.8. Simulated Wood-Anderson seismograms of tha Albstadt
oarthquako on Soptembor 03, 1978 (0511 08m 31.8 s, 48.28 “N,
9.03 °E, 1126.6 km, ML=5.9, A =224 km) VW“: 1,000 relatod to
marked amplitude soalo of l cm
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The Graslanbsrg-array, whioh was designed to reoord tolo
soismic Signals has a frequency CUt-Üff at 5.0 Hz dotorminod b};
the anti-aliasing filtar of tha data aoquisition system. Thus
systematic errors oan oocur in tho determination of ML for near
earthquakes with small epioonter distanoos. Tha seisrnio aotive
arsa nearast to tho Grasfonbsrg-array is tho Swabian Jura (moan
distance about 200km). Tha ML valuos oaloulatod with ths
Wood-Andarson Simulation filtar from Grasfanbarg broad—band
recordings are genarally in very good agresmont with tho looal
magnitudos derivod from analog seismograms of Ihe Swabian
Jura station notwork (raoording proportional to ground dis-
plaooment betwoen tho 3-db periods 1.5 s and 50 s).

As an examplo Fig.8 shows tha simulated Wood-Andarson
seismograms for the Albstadt oarthquako on Soptombor 3, 19718.
ML was determined to bo ML=5.9.

.——-—1

BB—h l
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Fig.9. Broad-band reoording BB-W (proportional to ground
displacemont, T„=22.5 s, I’m“: 15,000) of fi-wavo for tha sarno
earthquake as in Fig. 8
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Fig.10. Broad-band recording BB—W (proportional to ground
displacemont, T„=172 s, Vmax: 100) and BBnG (proportional to
ground volocity, Tu=200 s, VG=59 u/s) of P-wave for tho samt:
oarthquake as in Fig. 5
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Fin. 3-c0mpünent recording BB-W (proportional t0 ground displacement, 25:225 s, V =50) and BB-G (prüpürtiünal t0
max

grüund velocity, T„=3O S, VG=367 1.1/3) 01 a Friuli earthquake on Saptembcr 15, 1976 (09h 21m 19.1 s, 46.3 °N, 13.1 c'E, mb:S.4‚ A
= 315°}

Restitution by Simulation

The restitution Dr restüration problem is the problem of recon-
structing the input signal from the output Signal of a band-
limited system with a known transfer function.

The formal Sülution of this problem results from multipli-
cation 01' the spectrum of the output Signal with the inverse
system transfer function and transformatiün t0 the time domain.
Since the inverse transfer functiüns 01" seismügraph systems
with displacement or velocity transducer have a pole 01 second
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or third order at s=0, the restitution problem in seismology,
that is, the determination of the true ground motion in terms of
displacement, velocity or acceleration, can only be solved ap-
proximately by shifting the pole to the left s-half plane. The
accuracy of the approximation is determined less by the mathe-
matical method than by the quality of the data (spectrum of the
input Signal, bandwidth, linearity, dynamic range, resolution and
low-frequency instrument noise of the entire seismograph and
recording system). A comparison of various methods (J. Geo-
phys. 39, 501—626, 1973) has shown that a numerical restitution
of digitized narrow-band analog seismograms usually does not
produce useful results. In principal, the restitution of digitized
broad—band seismograms has the same limitations, but better
data quality allows sufficient accuracy for practical purposes (for
example determination of seismic moment). A summary of
various restitution methods in the time and frequency domain
can be found in the above mentioned special issue ‘Seminar on
deconvolution of seismograms and high-fidelity seismometry’ (J.
Geophys. 39, 501—626, 1973).

Since the parameters for a seismometer—galvanometer system
can always be chosen so that the transfer function is pro-
portional to ground displacement, velocity or acceleration in a
specified frequency range the restitution problem can also be
solved by the Simulation of an appropriately Chosen seismome-
ter—galvanometer combination.

The parameters (T1,h1, and T2, h2, natural period and damp-
ing constant of seismometer and galvanometer, respectively) of a
seismometer-galvanometer system whose transfer function is
proportional to ground displacement, velocity or acceleration in
the period interval TA< T< TB can be deduced from the follow-
ing approximation formulas (Savarenski and Kirnos 1960):

Displacement

T1>TB 12120.4 Tzzi/E—T; h2>l

Velocity

T1>TB 72120.4 T2<TA hzgl.

Acceleration

T1<TA h1<l Tzzm h2>>1.

In the above equations, the seismometer and galvanometer
parameters can be interchanged.

An example of a displacement proportional system is given
by the KIRNOS Characteristic in Tablel. For the Simulation
filter, the upper 3-db period 7; can be raised to a maximum
value determined only by the low-frequency Signal to noise
ratio. The maximum value for a specific seismogram is best
determined by systematically raising Tu until the limit of the
stable region is reached.

Using as an example the parameters

T1:IOOS‚h1=0.4‚ T2=25‚h2=10.0
one gets T„———58 s as an upper 3 db-period, whereas for

Tl=1803,h1=0.5‚ T,=10s‚h,=8.0

this upper bound is T„= 172 s.
A seismometer-galvanometer system with broad-band ve-

locity recording is described in Tablel by the long-period
BENIOFF-LP characteristic. The velocity proportional seis-
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mograms BB-G in Figs.3—11 were calculated from broad—band
Graefenberg recordings through digital inverse filtering using
Eq.(15). A seismometer-galvanometer system recording propor—
tional to ground acceleration between the 3 db—periods T, =0.08 s
and T„=405 can be realised for example with the parameters Tl
=0.05 s, h1 20.5, T2 =2.0 s, h2 = 10.0.

An important application of the restitution problem is the
calculation of the displacement — time integral of the P-Wave to
determine the seismic moment. Figure9 shows the displacement
proportional seismogram of the B-wave group for the Albstadt
earthquake on September 3, 1978. The first half—oscillation gives
a value of 6.3 10‘6m s. Figures 10 and 11 show the restituted
displacement and velocity proportional seismograms of the P-
wave for the Bukarest earthquake on March 4, 1977, and a 3-
component recording of the Friuli earthquake on September 15,
1976.
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Load-Induced Stresses and Their Relation to the Initial Stress Field
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Abstract. The additional stresses under a reservoir are computed
by the analytical integration of the Boussinesq equations. Ex-
pressions are given for (1) a constant and (2) a linearly varying
vertical load over a rectangular area. Given the direction of the
primary stress field a simple calculation can be performed to
check whether the additional stresses drive the total stress field
towards the limiting failure threshold or not. This is demon-
strated by a model lake of three-dimensional geometry. It is
shown that not only in the case of normal faulting, but also in
the case of thrust and transcurrent mechanisms, stresses are
changed in the direction favourable for the occurrence of earth-
quakes by the water load alone. An application of the method to
the seismic observations at the Schlegeis-Reservoir, Austria,
indicates that a thrust-type mechanism of the seismic events as
postulated in an earlier model is not compatible with the results
of the theoretical calculations.

Key words: Initial stress field — Reservoir induced seismicity —
Failure mechanism.

Introduction

Up to now more than 30 cases are known where changes of the
natural seismicity are probably caused by the filling of large
reservoirs (Simpson 1976; Gupta and Rastogi 1976). Earth-
quakes associated with dams cover a wide magnitude range,
with an upper limit, as far observed, of about 6.25. Destructive
ones like in Koyna, India, (Gupta et a1. 1969) and Kremasta,
Greece, (Comninakis et al. 1968) as well as minor earthquakes
and changes in micro-earthquake activity have been related t0
the presence of artificial lakes. For a review see Simpson (1976).
As indicated by observations at several sites, filling of a reservoir
may even bring about a decrease of the natural seismicity
(Simpson 1976; Bufe 1976). In spite of this diversity of the
characteristic features of reservoir induced seismicity only two
mechanisms are mainly discussed (Kisslinger 1976): Earth-
quakes near reservoirs can be triggered (1) by the incremental
stresses induced by the water load (e.g., Gough and Gough
1970b) and (2) as a result of reservoir water migrating into the
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rock and increasing the pore pressure, which reduces the effec-
tive stresses (Hubert and Rubey 1959) thus faeilitating failure.
The last mechanism has also been proposed to explain the
occurrence of seismic events associated with fiuid injections into
deep wells (e.g. Raleigh et al. 1976). According t0 Kisslinger
(1976) a consensus is emerging that the increasing pore pressure
is the most important factor controlling induced seismicity as-
sociated with dams. But n0 mechanism ean be rejected up to
now. In all cases the initial stress field must be already close
enough t0 the limiting failure stress so that additional forces due
to the reservoir, which are relatively low compared with the
primary ones, are sufficient to trigger an earthquake. This idea is
confirmed by fault-plane solutions of induced earthquakes
which are consistent with the regional stress field.

In this paper the modification of the primary stress field by
the water load is discussed. Several authors have described
methods for the computation of the incremental stresses under
artificial lakes (Gough 1969; Gough and Gough 1970a; Lee
1972; Nyland and Withers 1976; Withers and Nyland 1976). The
modification of the initial tectonic stress field by the water load
has been discussed by Snow (1972). Following Snow, earth-
quakes may be triggered by the load only in tectonic environ-
ments of normal faulting whereas transcurrent and thrust faults
are stabilized. In his discussion Snow assumes a lake extended
infinitely in the horizontal directions. Taking into account a lake
with finite dimensions it may be imagined, however, that also
earthquakes with strike slip and overthrust mechanism can be
triggered by the water load. Recently, this has been demon—
strated by Bell and Nur (1978) with two—dimensional lake
models. It is the goal of this paper to illustrate the modification
of the primary stress field by water loads with three—dimensional
geometry.

Method of Computation

One method for the computation of the incremental elastic
stresses under a lake of arbitrary shape has been presented by
Gough and Gough (1970a). The water load of the lake is
approximated by an array of vertical point forces which act at
the surface of an elastic, homogeneous and isotropic halfspace.
At a point within the halfspace the stresses due to one point
force are given by the Boussinesq-equations. The total stress
field is obtained by summation over all point forces. In this
computation scheme singularities arise at the origin of the point
forces. Therefore, the calculation of stresses is inaccurate at
points situated close to the bottom of the lake. One method t0
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avoid these singularities makes use of spatially harmonic surface
loads and the Fourier transform of the lake depth (Nyland and
Withers 1976). Another method is the analytical integration of
the Boussinesq-equations over areas of known load distri-
butions. This concept has been applied in the present study. It
proved to be very efficient in the computation of simple
geometrical lake models as presented in a later section. The
results of the analytical integration are given in the appendix for
the following two load distributions over a rectangular area: (a)
constant load and (b) linearly varying load. In the cartesian
coordinate system used, x points to the East, y to the North and
z in downward direction (left-handed system); To allow for other
directions a local coordinate system x’, y’, z’ is also introduced.
In this x’ is tangent to the lake bottom in the direction of
increasing load, if case (b) of the above mentioned load distri-
butions is investigated. The z’ direction may be different from
the z direction by an angle [/1 which describes the dip of the lake
bottom. The y’-axis is horizontal. If (p denotes the angle between
the y- and y’-direction a point with coordinates (x, y, z) in the
first system will have coordinates (x’ y’, z’) in the local system,
given by

x
v’ : A y
z’ Z

The 3 >< 3 transformation matrix A is given by

— sin q) cos w cos 90 cos w — sin t0
A : cos (p sin (p 0

——sing0 sintß cosrp sin w cosw

The components of the stress tensor are computed in the local
(x’, y’, z’)-system. The stress tensor S in the (x, y.z)-system is
obtained from the stress tensor S’ in the local system by the
transformation equation

SzATS’A

where Tmeans transposition. The total stress field is obtained
by summation over all elements by which the water load of the
lake is approximated.

It is desirable now to oompare this stress field with the initial
one. In most cases nothing is known about the primary stress
field. From geologioal and seismological observations, however,
sometimes its direction can be deduced. Then a simple numeri-
cal calculation can be carried out to check whether the filling of
a reservoir drives the stresses towards the failure envelope in a
Mohr diagram or not. If 010 and 030 denote the greatest and
least compressional stress and a1, b1, cl and a3, b3, c3 their direc-
tion cosines in the (x, y, z)-system, the additional stresses in 010
and 030 direction are given by:
Aoizafox+bi2 O'y+Ci20'z+2b-C-Tl l yz+2C-a-’C
and 3)

l l XZ +2aibirxy (izl

0..., oy, 02, Txy, s, Txy are the stress components at a field point
in the halfspace due to the water load. The Mohr circle of stress
moves away from the failure envelope (stabilization) if

A03 1_ .
—>——-——Sl‚nqß (A)A61 1+Slnqö

and moves towards the failure envelope (destabilization) if

A0 — '

A_3
1

sinqß (B)01 l+smd>

(Snow 1972). For deriving these relations the Mohr envelope of
failure is approximated by a straight line. Its slope is given by
the angle of internal friction ab, which Tor rocks is oommonly less
than 45° (e.g. Handin 1966). Condition B is equivalent to the
condition that A I/A 0 rises above tan qb. A ’C/A 0 is the ratio of the
shear to the normal stress across a plane passing through the
direction of the intermediate principal stress and making an
angle n/4—q5/2 with the direction of 010. Knowing the orien-
tation of the fault plane and the slip vector in an earthquake,
this ratio can be calculated without assuming the direction of
the initial stress field. In the examples of the next section the
change A10 of the initial maximum shear stress 1020.5
(010 —030) has been chosen as parameter describing the measure
of stabilization or destabilization:

411020.5(4101 ——A03)

A 10 is a meaningful quantity, if it is small compared with IQ, i.e.,
if the additional stress field is much weaker than the initial stress
field. A10 is between —Tmax and +rmax where Tmax denotes the
maximum shear stress induced by the water load. The initial
maximum shear stress 10 is always increased, if condition B is
fulfilled (compression reckoned positive). Condition A can be
connected with both positive and negative values of A10 (if
d>>0).

A Simple Geometrical Mode!

A simple three-dimensional model has been studied to test the
method. This model is a lake of rectangular cross section
(Figs. 1—3). The length of the lake is 0.8 km, the width is 0.2 km
and the maximum water depth is 100 m. The stresses are sym-
metrical about the two vertioal planes which cross the lake at
the horizontal centre lines. A value of 30° has been chosen for
the angle of internal friction of the crustal rock. The distribution
of the additional stress ATO in the direction of the initial
maximum shear stress ’L'O is shown in Figs.1—3 for different
initial stress directions. They represent tectonic environments of
normal, thrust and transcurrent faulting. The regions in which
the stresses move towards the failure envelope (i.e., condition B
is fulfilled) are emphasized by the stippled pattern.

In a region of normal faulting the zones destabilized by the
water load are situated below the lake bottom (Fig. l). It is
remarkable to note that the likelihood for failure is less directly
below the lake compared with greater depths. At depths greater
than about one third of the lake width the risk for failure
increases. There the initial maximum shear stress IO is increased
by more than 3 bar. In regions situated farther away from the
lake 10 is decreased by more than 0.5 bar. It is unlikely that
there an earthquake of normal faulting mechanism is triggered
by the water load alone. Nevertheless, it could be triggered by
the increasing pore pressure (Simpson 1976).

For thrust faulting, the likelihood of failure is increased in
regions situated very Close to the surface and extending land-
wards (Fig. 2). Epicenters of overthrusting earthquakes induced
by the water load alone would be located outside the reservoir
region. The focal depths would be very shallow. The extension
of the destabilized volume increases with the lake width. Thus
focal depths could be of the order of 1 km if the lake width is of
the order of several kilometers. The increase of '50 is much less
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Fig. 4. Volume destabilized in a teotonio environment ol" trans—
eurrent faulting under a lake of reetangular oross seetion and
100m deep. Length and width of the lake are in the ratio 4:1.
The volume is normalizecl to the volume of the lake. Fall lina:
Volume with 411020.5 bar; brokan Eine: volume with Aral; 1 bar.
o: is the angle between the direotion of the groatest prinoipal
eompressional stress and the longer axis of the lake

than in a normal faulting region; its maximum value is about
0.5 bar. The erustal parts situated below the reservoir region
are stabilized in a thrust faulting stress regime.

In a third example an initial stress field has been assumed
whieh favours transourrent faulting (Fig. 3). In this ease the
likelihood of failure inereases in rogions whioh are situated
below the reservoir. However. a5 in the ease of normal faulting
the very shallow parts of the orustal rocks are less subjeoted to
failure than the deeper parts. The transition to the destabilized
region oeeurs approximately at a depth of two thirds of the lake
width. In the example presented the Iake width i5 0.2 km and the
Stresses approaeh the failure envelope a1: depths greater than
0.13 km below the bottom of the lake. If the lake width i5 3 km
this depth is 2km. For transeurrent faulting. the volume de-
stabilized by the water load depends strongly on the direotion of
the greatest prineipal compressional stress am with reSpeot to
the longer axis of the reservoir. In the example of Fig.3 both
direotions are identioal. The variation of the destabilized volume
with the direction of am is Shown in Fig. 4. It reaohes a
maximum value if the angle a between the longer axis of the
lake and am is between 40 and 60°. Already for a>10° ”EG i5
inoreased by more than lbar (broken line). The example of
Fig. 3 oorresponds to 0:20" in Fig. 4.

An Exampla (SchlegaiS-Reservoir. Austria)

The Schlegeis aroh buttress dam on the Zemm river was com-
pleted in 197l. The height of the dam is 131 m. The storage
volume of the reservoir i3 127.7 x 106 m3 (Widmann et al. 1972).
Continuous seismie monitoring was started in 19H by a short
period vertieal station (Blum and Fuehs 19H). Looalization of
seismio events was made possible by additional stations installed
temporarily in the vioinity of the dam (Blum et al. 197T). The
looal seismio aotivity observed is eharaoterized by numerous
weak tremors (M 1L4-210) ooourring during periods of lowering
water level. During periods of rising and maximum water level



Fig. 5. Sehlegeis-Reservoir. approximation of the water load and
contonr Eines given in intervals of 50 m. Maximum lake level is
reaohed at 1782 m. Crosses mark single point foroes

looal seismie aotivity is relatively low. A detailed description of
the seismio phenornena observed until 1975 has been given by
Blum (1975). Sinoe then the periodio oeourrenee of the looal
seismie aetivity did not ohange. Hypoeenters of local tremors
oould be determined for the period Mareh—April 1974 (Blum
1975; Blum et al. 1977). Foeal depths are very shallow (6:300 m)
and the epioenters were loeated olearly outside the region of
greatest water depth. Fooal mechanism data are not available.
Blum et a1. (1977) proposed a model of dynamic Stress equilib-
rium to explain the tremor mechanism. They assumed a teotonio
environment of thrust faulting with the greatest compressional
stress steadily inoreasing. The upper bound of stress acoumu-
lation is given by the failure stress. Without water load excess
stresses were suggested to be released by slow deformations.
With the additional water load the underlying rock is stabilized
beoause the least prinoipal stress (vertical) is increased more
than the greatest prinoipal stress (horizontal). Now additional
horizontal stresses ean be stored by the roek. moving the stresses
again towards the failure threshold. During rapid lowering of
the lake level the least prineipal stress is redueed mueh more
than the greatest prineipal stress so that failure Can oeeur.
Aecording to this model the fooi of the seismie events should be
looated in regions whioh are stabilized by the water load and
destabilized during periods of falling water level. In the follow—
ing this essential assomption is oheoked by ealeulating the load
indtieed stresses and oomparing them with the initial stress field

Fig. 6. Change of the initial maximum shear stress along a
vertical oross seetion under the Schlegeis-Reservoir. The po-
sition of the seetion is given in Fig. 5. Stresses are in bar. Upper
port: water level at 1722 m, lower port: at 1782m. Stippled:
regions destabilized by the filling of the reservoir. Angle of
internal friotion= 30°. C ircies denote the position of hypooenters
in the vieinity of the oross seotion. Both. the maximum (lower
row of circles) and minimum (upper row of eiroles olose to the
surfaoe) possible fooal depth of eaoh tremor is shown as oaloulat-
ed by Blum (1975)

assumed by Blum et al. (1977). The effeot of elastie anisotropy as
well as anisotropy eaused by the jointed body of rock is not
considered in the ealoulations.

The initial stress field in the vieinity of the Sehlegeis-Re-
servoir is not known. In their model Blum et al. (1977) proposed
maximum oompression in the direetion SSE-NNW whieh agrees
with the regional stress field in Central Europe and in the Alps
as derived from fault plane solutions of earthquakes (Ahorner
et a1. 1972; Müller 1977). lt is also eonfirmed by geologieal
observations of posterystalline deformation along shear planes
dipping approximately to the North and to the South (Mignon
1972). TherefOre this direotion of the maximum eompression was
also chosen for the model oaloulations. The least prinoipal stress
was assumed to be direoted vertioally.

The water load of the reservoir was approximated by 29
reotangular elements with oonstant and linearly varying load
distribution and by 8 point foroes. The arrangement of the
elements is depieted in Fig.5. Additionally. the bathyrnetry of
the lake is shown by oontour-lines at intervals of 50 In. The
maximum water level is reaohed at 1782 m above sea level.

Results of the Caloulations are shown along a vertieal and a
horizontal oross seetion (Figs. 6—7). The vertioal plane orosses
the reservoir about 0.2 km south of the dam {see Fig. 5). In the
upper part of Fig. 6 the distribution of Arü is shown for a water
level of 1772 m whieh was reaohed in April 1974 at the
beginning of the tremor series from whioh epieenter determi-
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nations are available. In the lower part of the figure the distribu-
tion of A10 is shown for the maximum water level of 1782m.
Circles mark the epicenters of the tremors; they were projected
on the cross section. Focal depths could not be determined as
accurately as the epicenters. Therefore, upper and lower bounds
of focal depths are given. With the initial stress direction as-
sumed the rock within the reservoir region is stabilized by the
water load (A 10 negative). The initial maximum shear stress 10 is
diminished by more than 2 bar (Fig. 6), south of the profile even
by more than 3bar (see Fig. 7). The transition to the zones
destabilized by the water load begins near the shore and extends
landward to greater depths. At the maximum lake level ro is
increased by more than 0.5 bar. The tremor foci are situated in
the transition zone between the stabilized and the destabilized
region. During periods of falling water level the zones within the
reservoir region are destabilized with respect to the period of
maximum water level. If the model of Blum et al. (1977) were
correct, an accumulation of hypocenters would be expected in
these zones and not where they are actually located. Similar
results have been found for two different initial stress fields: (1)
for a stress field leading to EW strike slip motions along the
nearly vertically dipping schist plane at Schlegeis and (2) for the
stress field due to the weight of the surrounding mountains
(Bock 1978). Therefore the model of dynamic stress equilibrium
isnot confirmed by the stress calculations carried out.

The increase of pore pressure at depth produced by the rise
of the lake level is also not suited to explain the Schlegeis
tremors for the following reason. This model would require rock
permeabilities of the order of 0.01 millidarcy to explain the time
lag of 4—6 months between the maximum water level and the
occurrence of seismic events (Bock 1978). Such a low per-
meability is unlikely. Permeabilities for compact granite are of
the order of 1 millidarcy and are increased by several orders of
magnitude if the rock is fractured (Louis 1967). Seepage flow
measurements in the vicinity of the Schlegeis dam also indicate
higher permeabilities of the basement rock (Widmann and Hei-
gerth 1976).

The characteristic features of the seismic activity observed at
Schlegeis can be explained better by a model which was suggest-
ed after seismic events quite similar to those at Schlegeis have
been also observed at other reservoirs in the Alps and in the
Rumanian Carpathians (Merkler et al. 1978; Bock 1978). In the
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Fig. 7. Change of initial maximum shear
stress, given in intervals of 0.5 bar, along a
horizontal cross section at a depth of 1482 m.
The lake level is at 1782m. Stippled: regions
destabilized by the filling of the reservoir.
Circles denote'epicenters of local tremors as
located by Blum (1975)

following this model is briefly described. A broader discussion
will be given in a forthcoming paper (Merkler et al. in prepara-
tion). Cracks very close to the surface are water-filled by the
reservoir. In the period of falling water level — i.e., in winter and
springtime — the thermal insulation provided by the lake is
removed and the water in the cracks can freeze at lower tem-
peratures. This process leads to an increase in water volume.
The stresses near the end of the cracks can be high enough to
exceed the rock strength. This model does not only explain the
temporal but also the spatial distribution of epicenters situated
clearly outside the region of the actual shoreline (see Fig. 6 top).

Conclusions

The significance of the primary stress field for load induced
seismicity has been demonstrated for a lake model of simple
geometry. If the primary stress directions are known regions can
be marked where the stresses are moved closer to the failure
threshold. Taking into account the finite dimensions of a re-
servoir, earthquakes can in principle also be triggered in a
tectonic environment of transcurrent and thrust faulting by the
water load alone. Under the assumption of an initial stress
direction favouring thrust faulting a model was checked which
was proposed by Blum et al. (1977) to explain the mechanism of
seismic events observed at the Schlegeis-Reservoir, Austria. lt
could be shown that the tremor foci are situated predominantly
outside the regions which are stabilized by the increasing water
load, where the foci should be located according to the model.
Therefore, this model has been rejected as a viable hypothesis t0
explain the Schlegeis tremors.
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Appendix

The stresses due t0 a distributed normal loading p(x, y) on the
surface z=0 of the semi—infinite solid z>0 are obtained by
integration of the Boussinesq equations over a region F at the
surface. In cartesian coordinates this leads t0 (Jaeger and Cook
1971, p. 282):
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The normal force p(f, n)d5d11 acts at the point (f, 17, 0). The
distance t0 a field point (x, y, z) in the halfspace is given by p
:[(x—6)2+(y—17)2+22]1/2. For a constant vertical load p(6,11)
=p0 over a rectangular area (056; Logngb) the following
expressions for the stresses at the point (O, 0,2) are obtained:
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For points other than (0,0, z) stresses are obtained by employing
the principle of superposition (Poulos and Davis 1974, p. 12).

For a linearly varying vertical load over a rectangular area it
is assumed that the load increases from zero at (O, 0; ygb) t0 p0
at (l, 0; ygb). This leads t0 p(ä, 17): p0(5/l). The stresses at
(x, y, z) are given by
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Abstract. The substorm on 2 March 1978 was selected for study
as a relatively weak substorm, starting at about local magnetic
midnight, that could be observed with instruments in Northern
Scandinavia. The analysis ‘is based on a comparative study of
data from the IMS magnetometer network, all-sky cameras, pulsa—
tion magnetometers, and riometers in the Scandinavian area. In
addition other data are used to support the results, e.g., a photo-
graph from the DMSP-F2 satellite, showing the auroral Situation
over Scandinavia, and further west, immediately after the substorm
onset.

The substorm was preceded by a weak activation of aurora
and magnetic disturbance about 3 min before the onset. After
a fading that lasted for 20 s and could be observed only in optical
aurora, the substorm onset led to a strong brightening of the
aurora, an enhancement of the westward electrojet, a sudden rise
in the ionospheric D-layer absorption, and Pi B type pulsations.
lmmediately after the onset, the ground magnetic data suggest
the appearence of a pair of oppositely directed, localized, field-
aligned currents (FACs). The main development of the signatures
of the downward FAC was clearly delayed by about 3 min. There
were significant correlations between the magnetic signatures of
the two FACs and different features and spectra of the optical
aurora, both in time and location. The observed Pi B type pulsa-
tions lasted as long as a growth in the local onset-connected FACs
could be inferred.

Within the first three minutes the localized three dimensional
current system developed into a more sheet-like configuration.
An expansion to the west, possibly accompanied by a westward
travelling surge, was traced with riometers and magnetometers
on Iceland and Greenland.

Key words: Auroral substorm — Magnetic substorm — Substorm
onset — Field-aligned currents — Auroral electrojet.

1. Introduction

The global features of magnetospheric substorms have been de-
scribed in many papers (e.g. Akasofu 1964; McPherron et al. 1973;

Akasofu 1974; Fukunishi 1975; Kamide and Akasofu 1975;
Kisabeth and Rostoker 1974; McPherron 1979). The numerous
case studies reported in these papers have led to the knowledge
of substorm phenomena that we have today. However, more de-
tailed event analyses are needed to increase our understanding
of the physics involved in localized and transient effects appearing
during substorms. Careful consideration of parameters such as
local magnetic time, latitude, amplitude of the observed distur-
bance, and general magnetic activity around the event may permit
a more general interpretation that can test the global picture of
substorm phenomena. In this paper we shall give an example
of such a study.

The coupling mechanism between the magnetospheric pro-
cesses and the ionospheric phenomena observed from the ground
is nowadays understood to be represented by currents driven along
the magnetic field lines. Boström (1964) introduced two field-
aligned current (FAC) configurations, which could possibly be
responsible for the polar electrojets. In the first case (later referred
to as the Boström I model), the auroral electrojet is the ionospheric
Closure-current between a pair of field-aligned line-currents at
the eastern and western end of the electrojet, while in the second
case (later referred to as the Boström II model) the auroral electro-
jet is the ionospheric Hall-current that is driven between a pole-
ward and an equatorward field-aligned sheet-current. In recent liter-
ature it seems to be generally accepted that a FAC-configuration
of the Boström II type exists permanently and is responsible for
the quiet time eastward and westward electrojets. On the other
hand, the substorm—related three-dimensional current system
seems to be represented to a greater extent by the Boström I
type, involving an upward FAC on the evening- and a downward
FAC on the morning side of the location of substorm onset (Clauer
and McPherron 1974; Iijima and Potemra 1976; Rostoker and
Boström 1976; Kisabeth and Rostoker 1977; McPherron 1979).

In several magnetospheric substorm models (Atkinson 1971;
McPherron et al. 1973; Akasofu 1977; Boström 1977; Heikkila and
Pellinen 1977) the substorm related FAC-system is explained as be-
ing caused by deviation of the magnetospheric cross-tail current, par-
tially closing via field lines and the ionosphere. The models differ
mainly in their attempts to explain
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— possible trigger mechanisms for the substorm onset,
— energization of particles to the observed energies up to MeV

(Pellinen and Heikkila 1978a and references therein),
— anisotropy in the precipitating particle energy spectra (Lui et a1.

1977),
— well defined distribution patterns of precipitating electrons and

protons (Fukunishi 1975), .
4 mechanisms to maintain the deviation of the eross-tail current,
— expansion of the disturbanoe in the neutral-sheet plane.

The ionospheric phenomena on the evening side of the expand—
ing substorm region have already been studied to great extent.
Very early scientists were attracted by such striking phenomena
as the auroral westward travelling surge (WTS) (Akasofu et al.
1965 a) and sharp transitions from positive to negative variation
in the H-component of magnetic recordings (Heppner 1954; Har—
ang 1946). It has been found that the area covered by the WTS
can be regarded as the local area of substorm-connected electron
precipitation (Akasofu et a1. 1969), carrying the western upward
FAC (Kamide and Akasofu 1975; Wesoott et a1. 1975). It forms
the leading edge of the substorm-enhanced westward electrojet
(Pytte et a1. 1976; see also Swift 1979; McPherron 1979, and refer-
ences therein).

Less is known about comparable features produced by the
downward FAC on the eastern, expanding side of the substorm
region. Certainly the much wider scatter of precipitating protons
and positive ions (Vallance Jones 1976, p. 54) will be a reason
for the laek of sharp auroral and magnetic features. Nevertheless
photometer observations show a substorm related enhancement
of Hß-emissions (Fukunishi 1975; Oguti et al. 1974) where the
downward FAC is expected to be located (Pellinen and Heikkila
1978 a).

Due to spatial limitations of instrument networks, ground-
based observers have recorded the onset of a substorm mainly
Close to its central meridian. Since the three-dimensional current
system can be expected to be quite small in extent at the very
start of a substorm (Pellinen and Heikkila 1978a), it should be
possible, as this study will show, to observe the features of nearly
the entire onset current-system with suitably located instruments.

The studies of the local behaviour of the auroral electrojets
with a meridian chain of magnetometers, in conneotion with other
observations (Kisabeth and Rostoker 1971, 1973; Kisabeth 1972;
Akasofu 1974), resulted in a better understanding of the substorm-
connected current systems as well as in an improvement of analysis
methods. The next step in ground-based substorm studies was
the installation of a two-dimensional magnetometer array in an
area that was already covered by networks of other instruments,
such as all-sky cameras, riometers, photometers, pulsation magne-
tometers and others. This type of network was first installed by
Bannister and Gough (1977, 1978) in Canada. Later Küppers
et a1. (1979) started a more extensive network in northern Scandi-
navia. The area of the Scandinavian array is sufficiently large
(ca. 1,000>< 1,000 km2, see Fig. 1) to cover a good portion of
the entire substorm-onset phenomenon if one restriots analyses
to weak or moderate substorms, recorded near to the initial onset
location. As there seems to be little or no prinoipal difference
between weak and intense substorms (Kamide et al. 1975), this
restriction still allows the generalization of the results.

Recently Untiedt et a1. (1978) described the observation of
a substorm onset near magnetio midnight with the first part of
the Scandinavian IMS-network of stations. Sinee the auroral
breakup was, in this particular case, initiated over the eastern
part of their observation area, they recorded only the signatures
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Fig. l. Map of recording stations within the Scandinavian area
from which data have been used in the present study. The different
symbols that are used to indicate the various instruments are
given in the right bottom corner. The stations with riometers
are underlined. The observational coverage by all-sky cameras
is indicated by broken circles (as defined by 15° elevation angle
and 100 km height). The broken lines mark the area within which
irregularity drift-velocities have been computed from the STARE-
data. (for further details concerning the stations see Table l)

of the western edge of the area of upward FAC. In the hope
of recording events with the region of substorm onset being opti-
mally located with respect to the ground-based network of stations,
the so called Auroral Breakup Campaign (ABC-l) was carried
out in February and March 1978 (IMS-newsletter No. l2, 1977).
Of the events recorded within the three weeks of the campaign
a moderate substorm that occured on 2 March 1978 was selected
for the present comparative study.

In the next section we shall describe the instruments from
which data has been used in our analysis. We also introduce
the methods of data processing and presentation. In Sect. 3 a
general overview of the geomagnetic Situation during the substorm
analysed will be given, followed by the description of observations
during the growth phase, substorm onset, and expansion phase.
In the final section we will discuss how far the observations pre-
sented are in correspondence with observations of other scientists,
and whether they can be explained by the models for the magne-
tospheric substorm.

2. Instrumentation and Methods of Data Processing

Due to the enhanced recording activity coordinated amongst the
European IMS-participants, many kinds of data-sets have been
available for this study. In this section we will describe only the
instruments used by the authors even though various other data
have been studied and considered in the final interpretation. These
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Table l. Permanent or temporary
stations from which data have been Station Symbol Geogr. coord. Type ofinstrumental
used in the present study and institutionb

Andenes AND 69.3° N 16.0° E M (UM)
Arvika ARV 59.6 12.6 M (UM)
Bear Island BJN 74.5 19.2 M (AOT)
Berlevag BER 70.9 29.1 M (UM)
Boyarskaya BOY 65.8 33.8 M (PGI)
Evenes EVE 68.5 16.8 M (UM)
Fredvang FRF 68.1 13.2 M (UM)
Glomfjord GLO 66.9 13.6 M (UM)
Hassela HAS 62.1 16.5 M (UM)
Hellvik HEL 58.5 5.8 M (UM)
Ivalo IVA 68.6 27.5 M (TUB), R (SGO)
Jokikylä JOK 63.8 26.1 M (UM)
Kevo KEV 69.8 27.0 M (TUB). R (SGO)
Kilpisjärvi KIL 69.1 20.8 A (FMI)
Kiruna KIR 67.8 20.4 M (UM), A, P, R (KGI)
Klim KLI 57.1 9.2 M (UM)
Kunes KUN 70.3 26.5 M (TUB)
Kuusamo KUU 65.9 29.0 M (TUB)
Kvikkjokk KVI 66.9 17.9 M (UM)
Lavangsdalen LAV 69.7 19.9 P (UO)
Lovö LOV 59.4 17.8 M (SGU)
Lovozero LOZ 68.0 35.0 M (PGI)
Lycksele LYC 64.6 18.7 M (UM)
Martti MAR 67.5 28.3 M (TUB)
Mattisdalen MAT 69.9 22.9 M (UM)
Mieron MIE 69.1 23.3 M (UM)
Muonio MUO 68.3 23.6 M (UM)
Namsos NAM 64.5 11.1 M (UM)
Narssarssuaq ' NAR 61.2 314.6 R (DMI)
Nattavaara NAT 66.8 21.0 M (UM)
Okstindan OKS 65.5 14.3 M (UM)
Oulu OUL 65.1 25.5 M (UM), R (SGO)

‚ Pello PEL 66.9 24.7 M (UM)d M 2magnetometera Azall'SkY Pitea PIT 65.3 21.6 M (UM)
camera, P=photometer, R=riometer

Ramfjord RAM 69.8 19.6 R (AOT)b If not explicitly explained in the text: Risede RIS 64.5 15.1 M (UM)
AOTzAuroral Observatory at Tromsö, Ritsemjokk R1J 67.7 17.5 M (UM)UM=Uae?SItY 3‘ Münster, Rostadalen ROS 69.0 19.7 M (UM)
SGUsedlsh Geologlcal Survey, Rovaniemi ROV 66.6 25.8 R (SGO)KGI z Kiruna Geophysical Institute, Sauvamäki SAU 62.3 26.7 M (UM)SGOzGeophysical Observatory at

Skarsvag SKA 71.1 25.8 M (TUB)Sodankylä, TUB=TeChnical University at
Skogfoss SKO 69.4 29.4 M (UM)Braunschweig, PGI=Polar Geophysical Sodankylä SOD 67.4 26.6 R (SGO)Institute at Apatity, UOzUniversity at Söröya SOY 70.6 22.2 M (UM)Oslo, NTNF:Royal Norwegian Council Storavann SRV 65.8 18.2 M (UM)for

Selentlfic and Industrlal Research, . Tjörnes TJÖ 66.2 342.9 R (NTNF/UB)UB=Un1verSIty at Bergen, DMIfDanlsh Umba UMB 66.7 345 M (PGI)Meteorological Institute, FMI :F1nnlsh Vadsö VAD 70.1 29.7 M (UM)Meteorologieal Institute

instruments will be described later, when necessary. Results from
magnetic pulsation data for this event are published elsewhere
(e.g. Wedeken et al. 1979; T. BÖsinger et al., paper in preparation).

The locations of the different kinds of instruments are shown
in Fig. 1. More detailed information concerning the stations is
listed in Table 1. During the night of 2 March 1978 two all-sky
cameras (ASC) of the same design (Hyppönen et al. 1974) were
operating at Kiruna and Kilpisjärvi, recording at rates of 1 frame
per minute and 3 frames per minute respectively. These cameras

record on 16 mm colour film, specially processed to a sensitivity
of ASA 640, thus allowing an exposure time of about 2 s. The
digital time display is accurate to the nearest second. Radioactive
sources are used to activate calibration surfaces, visible on each
photograph, for calibrations in both the red and the green part
of the spectrum.

Distinct auroral structures in the ASC-pictures have been digi-
tized along their lower borders, rectified and mapped under the
assumption of a normal height of 100 km (Boyd et al. 197l).
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Where possible, the final locations of aurorae have been averaged
over the results of both cameras. The error in the location of
the auroral forms so derived is less than 20 km, according to
our experience with several stations (Opgenoorth 1978).

Data from 36 stations of the IMS-magnetometer network in
Scandinavia have been used in the present study. A detailed des-
cription of this network and of the instrument types has recently
been given by Küppers et al. (1979) and Maurer and Theile (1978).
Additional instruments run by observatories or other institutions
that were used in this study are given in Fig. l and Table 1.

The magnetic as well as the auroral data will be presented
in a special cartesian coordinate-system, the so called KIRUNA-
system. This was introduced by Küppers et a1. (1979) for easier
display and processing of data from the Scandinavian area. The
system is centered at Kiruna in a plane tangent to the globe
at the same location. The familiar horizontal components H and
D are rotated to A and B respectively; B is parallel to the yKi—axis
which is the tangent to the revised corrected geomagnetic latitude
in Kiruna (Gustafsson 1970), A is orthogonal to B along the
xKi—axis, and Z remains unchanged. The use of the KIRUNA-
system in a number of studies (e.g. Untiedt et a1. 1978; Baumjo-
hann et a1. 1978) showed good results in reducing the geometrical
effects while the physical effects become clearer.

The magnetic disturbance vectors have been determined in
comparison to a baseline which has been taken in the early mor-
ning hours of two quiet days before and after the considered
night, in order to avoid Sq-effects. The data will be presented
mostly in the form of so-called equivalent current vectors (TEC-—-
total equivalent current), derived by turning the horizontal magne-
tic disturbance vector clockwise through 90° The vertical compo-
nent will be indicated by different symbols for positive and nega-
tive variations or by isolines.

The need to differ between quiet-time current-systems and sub-
storm-connected ones, as well as the need to recognize the charac-
ter of changes in an existing current-system, made the use of
so-called differential equivalent current vectors (DEC) necessary.
The basic idea of this method is the assumption that a current
system observed at a time t1 stays constant until a time 12, while
an additional current system develops during the same time inter-
val. According to the free superposition of magnetic fields, the
difference between the magnetic disturbance field at the time 12
and the field at the time 11 can be regarded as the relatively
independent effect of the new current system. The final result
is naturally very much dependent on a reasonable Choice of the
times t1 and 12. However, even when the current system at the
time {1 does not stay constant until t2 the patterns of the resulting
DEC-vectors still reveal clearly the changes in the pre-existing
system (e.g. Fig. 4). It should be pointed out that, due to the
implied ambiguity, DEC-vectors have to be interpreted with care.
In most cases other data (e.g. optical observations) allow restric-
tion of the various possible causes of a certain pattern. The idea
of Splitting the total magnetic disturbance field was first introduced
in the analysis of magnetic-latitude profiles by Kisabeth and Ros-
toker (1973) to study the small scale magnetic effects connected
with auroral loops and surges. It was later applied by Untiedt
et al. (1978) to data from a two—dimensional magnetometer array,
and has shown its power in separating transient local phenomena
from the more intense global magnetic disturbances.

Other ground based data considered in the analysis of the
present event were available from the Danish Ionlab riometer
network (Stauning 1978), the riometer operated in Kiruna, the
Finnish chains of riometers (for technical details see Ranta 1978)
and pulsation magnetometers, and the Scandinavian-Twin-Auro-
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ral-Backscatter-Radar (STARE) at Hankasalmi, Finland and
Trondheim, Norway (Greenwald et a1. 1978). Unfortunately the
observation area of STARE was slightly too far to the north
for the special aims of this study. A meridian scanning photometer
equipped with filters for measuring the wavelengths 486.1 nm (H13),
490.7 nm (N’z’), 630.0 nm (01), and 480.1 nm (background) was
in operation in Kiruna, in addition to the all-sky camera. Because
of the change of filters, the time resolution for this instrument
was 4 min for a constant elevation. A faster, 4-channel, simulta—
neous-scanning photometer was operated in Lavangsdalen
(Norway), but some operational changes during the time interval
considered restricted the use of the data for our purposes.

Due to fortunate circumstances the ground-based data can
be supported by a photograph from the DMSP-F2 satellite taken
during a pass over Scandinavia (pass. no. 3837) with a camera
scanning perpendicular to the satellite orbit (see Fig. 6). The pie-
ture ShOWS the auroral Situation over Scandinavia at about the
time of the substorm onset, and the situations over Iceland and
Greenland at later times. The movement of the sub-satellite point
could be used to infer a time axis. The given coordinates have
been corrected to a sphere at the altitude of the Visible auroral
forms, i.e. 100 km, with allowance for the varying aspect angles
of the scanning camera. A more detailed description of the use
of DMSP-satellite data has been given by Pike and Whalen (1974)
and Eather (1979).

3. Observations

General Situation

The substorm analysed from the night of 2 March 1978, between
2200 and 2300 UT, is not isolated in the classical sense, but
well separated from other activations in the course of the night.
It’s clear and distinct features also support the assumption that
it is independent from the previous substorm, which started around
1830 UT.

This earlier substorm has a duration of more than two hours,
reaching an intensity of about 500 nT. During this time consider-
able auroral activity is observed north of Scandinavia. Also, the
main part of the substorm-connected westward electrojet is situat-
ed north of the area of observation. After these preceding substorm
activities, the magnetic disturbances at stations all along the night—
side of the auroral oval return to almost zero level until 2200 UT
Correspondingly, auroral observations for that time show Clear
dark sky.

In Fig. 2 the three components of magnetograms along profile
4 (i.e., from SOY to SAU) including BJN are plotted in a stacked
form to give an overview over the magnetic signatures of the
substorm studied in this paper. It should be noted that they are
relatively weak, reaching a maximum intensity at MUO of only
200 nT The onset of the substorm can be recognized by the sudden
deflections of all components at about 2223 UT The disturbance
is very localized and at that time restricted mainly to the Scandina-
vian area. Only later, in the course of the substorm expansion-
phase, do magnetic stations further east (e.g., Dixon, USSR) and
west (e. g., Leirvogur, Iceland) record the start of a negative H-bay
(data not shown here). At stations in mid-latitudes and even sub—
auroral latitudes, the effects of this substorm are too small to
permit a reliable analysis.
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Prephose

Before the aetual substorrn oneet, very faint growthwphase phe-
nomena oan be observed. Soon after 2200 UT a very weak west-
ward equivalent ourrent starte to grow slowly in intensity. At
the aarne time a broad, diffuse auroral band becomes visible in
the ASC-piotures and the Lavangsdalen photometrie reeordings,
extending from the western to the eastern border of the observation
area. The looation at 2218 UT, a5 shown in Fig. 3 (upper left
panel), ia about XKiz—SÜ to —150krn„ After 2218 UT some
diserete. but neverthelesa still faint auroral forms suddenly appear

over northern Norway. This change in auroral aotivity eauses
no clear response in the total equivalent eurrent veetora (Fig. 3.
upper right panel).

It is more interesting to look at the DEC-veotors for the time
interval during whieh the disorete aurora appears (Fig. 3, lower
panels). They ShOW that a oiroular. fully elosecL equivalent eurrent
with a counterclockwise sense of rotation i5 added to the pre-
existing current system at approximately the position of the new
aurora. From the ASC-pietures it oannot be elearly deduoed that
the developrnent of the new auroral forIn takea about 2 min„ a5
should be expeoted frorn the DEC—patterns. The Lavangsdalen
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photometer. however. reveals that. in faet. the growth in the
551? um intensity is 3 kR from 2228 to 2219 UT and still 2 kR
from 2219 to 2220 UT. Referring to the papers by Fukushirna
(19%) and Untiedt et a1. (1978) sueh a ground magnetic signature
may be attributed to an onset of a localized upward FAC and
the assoeiated ourrent flow in the ionosphere. Due to the ambiguity
of DEC-veotors, a switch—voff of a localized downward FAC eould
also be responsible for the sarne pattern. In this ease the concurrent
observation of the appearanoe of a new disorete aurora, with
good oorrelation in tirne and loeation„ makes it possible to decide
that the feature observed in the BBC-vectors is rnost likely to
be produoed by a looalized upward FAC, carried by preeipitating
eleetrons„ whieh also exeite the observed auroral emission.

Ar 2222:00 UT the diffuse band further to the south brightens
and develops into diserete auroral area as shown in Fig. 4; the
DEC-veetors for this time interval are shown in the same figure.
They reveal that. at this time, the magnetie ground signature at
the position of the auroral brightening is due to a pure enhanee-
ment of the westward electrojet without a perturbation in the
B-oornponent. In the meantime the equivalent ourrent in the north-
east deereases.

Subsrorm Unser

lrnmediately before the aurora breaks up. the southernrnost are
fades again for a 1.r'ery short time of about 20—30 s. This fading
ean be seen in the ASC-photograph at 2222:43 UT in Fig. 5.
Perhaps due to the very short time and narrow latitudinal extent
of the fading„ no eorresponding features in the magnetie reeordings
can be uniquely indentified.

The start of the breakup over Seandinavia ean be fixed by
ASC-data to shortly after 2222:43 UT (see Fig. 5). lt starts elearly
to the west of the observation area and expands very fast at
first in a longitudinal direction. Even though we observe, in this
ease. only the eastward expansiom it seerns reasonable to assume
that the same effeet happens on the western side as well. Sinee
this longitudinal expansion along the brightening arc oceurs within
approxirnately 40 s it would probably appear in ASC—data with
l min time resolution as an instantaneous brightening of the equa-
torward aro. as reported by Akasofu (1964). The northward expan-
sion speed of the aurora immediately after the breakup is about
2 km/s. later deereasing to l km/s. aeeording to the digitized ASC-
data. The northward expansion over western Soandinavia can also
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Fig.5. All-sky eamera photographs at Kilpisjärvi, Finland. for
the time interval diseussed on Maroh 2. 1978

be recognized in the DMSP-pieture in Fig. 6. From the pieture
it is possible to See that the Inain part of the intense aurora‚
and thus probably the initial looation of the breakup, lies west
of the Norwegian ooast at about 0°—5° eastern geographieal longi-
tude. i.e„ very olose to local magnetie midnight (Whalen 1920).

The auroral breakup is aooompanied by a strong burst of
Pihtype pulsations (T. Bösinger, private eommunioation) and a sud-
den increase in the ionoSpherie D-layer absorption. The riometer
reoordings in Fig. 7 Show that the sharpest absorption onset oeours
simultaneously with the auroral breakup and is only reeorded
by stations at the same latitude, i.e., Kiruna and Ivalo. A oompari-
son of shape and amplitude of the onset at both stations supports
the idea that the main area of particle preoipitation lies nearer
to Kiruna than Ivalo and may possibly oorrespond to the area
of initial auroral breakup. It should be noted that the enhanoement
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Fig. 6. Photograph from the DMSP-F2 satellite taken over the
area between Seandinavia (upper riglxt COH'IE‘I‘) and Greenland (laft
side) at about the time of the substorm onset. The City lights
of Reykjavik are eneireled. The time axis refers to the movement
of the sub-satellite point. The eoordinates are corrected for a
height of 100 km above the earth’s surfaee

of the diffuse are at 2222:00 UT (Fig. 4) may correSpond to the
emaller abaorption onset observed at Sodankylä, slightly before
the main absorption inerease.

In Fig. 8 the total equivalent eurrent systems before and after
the substorm onset are shown. The TEC-vectors at 2222:00 UT
(upper panel) are strongest in the vieinity of the visible aurora.
The eleetrojet i5 still elearly separated into two major portions,
but, a5 pointed out before. the southern portion grows towards
the onset. while the northern one deereases. About two minutes
after the onset at 2225:00 UT (lower panel) the westward equiva-
lent eurrent flow at the latitude of the auroral intensifieation is
drastieally enhaneed.

To get an idea about the Current system that is directly related
1o the breakup. and superposed on the pre-existing one. it is
again reasonable to eonsider the DEC-system. based on the time
of the moment when the aurora faded prior to the breakup. i.e..
2222:40 UT. The time by whieh a new eurrent system has posaibly
developed seems at first glanee to be 2225 : 20 UT. when the aurora
reaehes it’s first maximum in northward expansion and inerease
of brighmess. The resulting DEC—veetors in Fig. 9 (eentral panel)
Show. in the western part. a distinet U-shaped equivalent-current
loop around the loeation of initial auroral intensification. The
sense of rotation in this loop is eountereloekwise with growing
negative Z variations towards it’s center. But in the northeastern
part of the pieture there i5 another equivalent eurrent loop with
a eloekwise sense of rotation. Correspondingly. here the enelosed
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2, 1978 reeorded by some riometers within the Seandinavian area.
(The eurve from Kiruna i5 taken from a different type of Strip-ehart
reeording a5 can be seen from the eurved time marks.)

Z variation is positive. To understand the development of this
system in space and time we analysed several series of DEC-veetors
for varying time intervala a5 well a5 based on different starting
times. Finally we were able to traee the following history of the
substorm—eonneeted equivalent current system during the first few
minutes after the onset:

At the time of the auroral breakup a eountereloekwise equiva-
lent eurrent loop develops around the loeation of the initial auroral
intensifieation. The development of this loop lasts until the aurora
reaehes a first maximum of brightness at 2225:20 UT. The forma-
tion of the eloekwise equivalent eurrent loop starte simultaneously
with the other one. but develops much more slowly. A5 ean be
seen in the right-hand panel of Fig. 9. a good portion of it still
seems to be added during the interval from 2225:20 UT to
2226 : 20 UT. when the development of the eountereloekwise loop
has already finished. During the same time a deerease of auroral
intensity is observed over the Seandinavian area (See Fig. 5). From
the DMSP-photograph in Fig. 6 it ean be seen that. at this time.
there i3 no deerease in auroral aetivity further to the evening
side of the auroral oval. Also. from the Kiruna ASC-data. there
is some evidenee for an intense aurora remaining south—west of
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Ehe Lüfüt islands in the vicinity of the counterclockwise current
100p. The approximate positiün Üf the remaining bright aurora
i5 indicated in Fig. 9 (right panel). Unfortunately the Kiruna City
lights disturb the western part of the: ASC-pictures and prevent
a man: exact location 0F the aurora in this part of the abservation

7B '03'02

221221ÜÜ TECXKI

25B km

Fig. 8. Total equivalent current vectors für times before and after
the substnrm anset. (Vertical compünents again indicated by the
same symbüls as in Fig. 3.)

area. From Fig. 9 it can also be noted that the positiün üf the
clockwise equivalent current 100p i5 north of the breakup aurüra
during the first minute after substürm onset and later within
the area where the aurora ceases.

Considering the excellent temporal and spatial correlatiün be-
tween aurora and magnetic field as described abüve there must
be a connection between the obviously local decrease of the intense
discrete aurora and the main development of the clockwise equiva-
lent current 100p. Vice versa, there seems t0 exist a causal relation—
ship between the counterclockwise equivalent current 100p and
the auroral breakup. But„ even though a time shift in the final
development of the two lüops of about 2 min i5 obvious, it has
not been possible t0 find a clear separatiün Üf the two lüüps
in time. Such a separatiün would have indicated the pessibility
of a switCh-on and switch-off of one and the same current system.
However, in this case. the two oppositely directed equivalent-
current loops clearly coexisted during the whole 3—4 min after
the substürm anset. Thus it 566m5 reascmable t0 consider büth
features as being connected with the grüund signatures Üf the
three—dimensiünal magnetosPheric substürm unset currem-system.
The resulting pattern i5 Shown by the DEC-vectürs für the interval
2222240 t0 2226:20 UT in Fig. 9 (left panel).

Unfortunately the Observation field üf the STARE-radar dass
not mach far enough t0 the south t0 cover the area where the
auroral breakup takes place, HÜWEVEI‘, in the recardings at
2225:20 UT (ShOWI‘l in Fig. 10) there seems t0 be Süme evidence
für a Clockwise curvature in the irregularity drift-direction at the
position where we Observe the northern part of the Güunterclückwi-
se equivalent current 100p. Also, corresponding t0 the western
part of the clockwise equivalent current 100p, there i5 a munter-
clockwise irregularity drift at the same location.
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Fig. 9. Differential equivalent current vecmrs for selected intervals during the early time of the substorm development. The vertical
Bümpünents are shown separately in the lower panels by isolines computed from the values recorded at the stations. The aurürae
at 2223:00 UT in the (zentral and 2226:00 UT in the right panel are indicated by solid curves 3nd Shaded areas with intensity
scaling
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Expansian Phase

As peinted eut in the previous ehapter. the expansion speed 0f
the aurera t0 the nerth is 2 km/s at the beginning 0f the breakup,
and later, lkm/s. This nerthward expansion 0F the poleward
berder 01 the visible aurera lasts until ab0ut 2235:00 UT. reaeh-
ing a nm‘thernmost p0siti0n 0f ab0ut 2cm =400 km. The expansion
speed deereases further during the later expansion phase. Until
the end 0f this phase the aurora enhanees and decreases several
times and 50m0 pessibly related phenomena ean b0 found in the
magnetie data. Hüweven mest ef these very 100a] features are
embedded in the simultaneeus grüwth 0f the westward electrojet.
A further analysis will therefore be relatively eomplicated and
we will devote this partieular study t0 the substorm onset.

The'limited area ef ASC-übservation does not allow Observa—
tion 01‘ substorm expansien t0 the east and t0 the west, but in the
magnetie data an expansiün 01‘ the equivalent current system can
be traeed f0r at least the first three minutes after the substorm
0nset. The elnekwise 100p whieh is (immediately after the onset)
relatively small and 01‘ nearly eireular shape expands t0 the east.
A series 0f DEC-veemrs at 0ne minute intervals eaeh 0f them
based 011 the end time ef the previous 0110 (shnwn in Fig. 11)
reveals that the equivalent eurrent addecl t0 this 100p between
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Fig. 11}. Irregularity drift velneity veetors eomputed from the
STARE-data at 22:25:20 UT
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2224:00 and 2225:00 UT is already 0val shaped, and that the
DEC-vectors f0r the time fr0m 22:25:00 t0 2226:00 UT n0 longer
Show a Closure t0 the east. but are„ by that time.‚ already U-shaped.
During the whole development 01" the easyern border. 00th the
Western border 0f this 100p and, 0n the oppnsite side, the eastern
border of the eountereloekwise 100p stay remarkably stable. It
can be eoncluded, therefore, that the same kind 01‘ expansion
t0 the west takes place 0n the western side 0f the enunterelnekwise
100p.‚ and is net Observed due t0 a laek 0f statiüns in that area.
Baumjohann (1979) reported an expansien 0f the same eharaeter
as sh0wn in Fig. 11 f0r a eountereloekwise equivalent-eurrent 100p,
which had been 0bserved in relatien t0 a substorm enset euer
the eastern part 0f his Observatinn area. That a westward expan-
sion of the substorm phenemena in faet eeeurs in the present
Gase as well ean be dedueed fr0m the f0110wing 0bservatiens fur-
ther t0 the west.

As mentioned bef0re„ the Finnish Chain 0f riümeters, as well
as the riometer at Kiruna, ree0rded at the time 0f the substürm
enset a steep inerease in the ionospheric D-layer abserptien. The
same Observation was made by Stauning (1978) with his ri0meter
at Ramfj0rd. Norway. I-Ioweven riometers further t0 the west
show a significant delay in the absorptien 0nset. Figure 12 shüws
h0w the area 01" inereased absorption expands t0 the west, reaehing
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Tjörnes on Iceland at about 2235:00 UT, The expansion possibly
continues as far as Greenland, where the absorption over
Narssarssuaq rises suddenly at 2240:00 UT. All three stations
are on approximately the same geomagnetic latitude and, during
this night, as can be seen from the satellite picture in Fig. 6,
well situated within the auroral oval. Magnetic stations at the
same location (Narssarssuaq) or very near to the riometer (Leirvo-
gur) record the onset of a negative H bay at the same moment
as the area of increased absorption arrives (data not shown here).
In both cases the negative H variation is accompanied by a nega-
tive Z deviation and a sudden distortion in the D component
which is clearly positive before the arrival. If one assumes that
the western border of the substorm onset current system began
at about 5° E geographic longitude, the resulting average expan-
sion speed to the west would be about 1.3 km/s between Scandina—
via and Iceland and about 4.5 km/s between Iceland and Green-
land.

To the east, the only station from which data was available
to the authors is Dixon, USSR, about 2,000 km east of Scandina-
via. Here a small negative H onset was recorded at 2232200 UT,
which could possibly be related to the substorm onset over Scan-
dinavia under discussion. Assuming the initial eastern border of
the substorm onset current system at 30° E geographic longitude,
this would correspond to an eastward expansion speed of about
3.4 km/s.

4. Discussion

Even though the substorm analyzed in this paper produces only
very weak magnetic disturbances, it shows all the features that
are known to occur during the course of a substorm of larger
intensity. The clear separation from the previous intense substorm,
as well as the faint growth-phase phenomena, prove that the event
is independent and not an enhancement of an earlier system, as
in a multiple-onset substorm reported by Pytte et a1. (1976).

Development Before the Substorm Onset

The slow increase of westward equivalent current that starts after
2200:00 UT may be the result of a weak growth-phase preceding
the substorm onset. Enhanced particle precipitation is indicated
by the faint diffuse band of auroral luminosity that becomes visible
in the ASC-pictures after about 2215:00 UT The diffuse and
faint Character of the visible aurora and the related westward
equivalent current are not enough information to deeide whether
a southward movement of the aurora and the related current
system takes place during the growth phase. Nevertheless the ob-
served features clearly occur south of the latitude of the previous
substorm activity.

The sudden appearance of discrete aurora at 2119:00 UT may
be conneeted to a magnetospheric growth-phase. Several authors
(Akasofu 1964; McPherron 1970; Pytte et a1. 1976; Pellinen and
Heikkila 1978 b) have reported the observation of transient bright-
ening or the appearance of discrete aurorae conneeted to small
negative perturbations in the magnetic H component, taking place
particularly during the growth-phase of a magnetospheric sub-
storm. This phenomenon has been given different names, e.g.,
trigger bay (Rostoker 1968), pseudo-breakup (Akasofu 1964), etc.,
but in all cases it was believed to be of magnetospheric origin,
and to be related to the same kind of instability which, in a
more effective Situation, leads to the onset of a real substorm.
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Our observations (Fig. 3) strongly suggest that these precursors
are conneeted to a localized onset or enhancement of upward
field-aligned current, which would support the opinion of the
above cited authors (see also the observations of Untiedt et al.
1978).

At the second auroral intensiflcation observed before substorm
onset, taking place just after 2222200 UT (see Fig. 4), the aurora
enhances along the whole portion of the auroral oval that can
be observed by our instruments, causing a pure strengthening
of the westward equivalent-current flow at the narrow latitudinal
region of brighter aurora. Immediately after this final auroral
enhancement, before the actual onset, the auroral are fades for
a time shorter than 40 s, as can be seen from the ASC-picture
at 2222:40 UT, in Fig. 5.

According to the theoretical model for substorm onset in the
magnetotail by Pellinen and Heikkila (Heikkila and Pellinen 1977;
Pellinen and Heikkila 1978 a, b; Pellinen 1979) this fading occurs
due to a localized decrease in the magnetospherie cross-tail electric
field, which results in a reduction of the most effective acceleration
mechanism for quiet time auroral particles, the Fermi (or curvature
drift) acceleration (Sharber and Heikkila 1972). Pellinen (1979)
has given a detailed description of the sequence of events that
leads to auroral fading: the increase of the eross-tail current and
the related thinning of the plasma sheet will be approximately
linear during early times of the substorm growth phase, but, after
a certain moment, the increase of the cross-tail current becomes
locally non-linear. During the linear growth and the early phase
of the non-linear growth, enhanced particle precipitation into the
ionosphere can be observed, which results in a momentary increase
in the D-layer absorption, ionospheric conductivity, and auroral
brightness in a narrow latitudinal region. In fact, all these observa-
tions have been made around 2,222200 UT

The non linearly growing cross-tail current will induce a grow-
ing electric field which is oppositely direeted to the magnetospheric
dawn-to-dusk field and will, after certain time, become locally
stronger than the latter (Pellinen 1979). The short-lived Situation
of balance between the two fields will cause a momentary fading
of the ionospheric phenomena assoeiated with reduced particle
precipitation (Pellinen and Heikkila 1978b). As soon as the in-
duced electric field dominates the cross-tail electric field in a loca-
lized region of the neutral sheet, the mechanism described by
Heikkila and Pellinen (1977) and Pellinen and Heikkila (197821)
may result in the onset of the actual substorm phenomena.

Field—Aligned Currents Associated With Substorm Onset

In the introduction, we have pointed out that, with a network
of the type and spacing as used for this study, it should be possible
to infer a good portion of the onset-conneeted three-dimensional
current system. Based on the data presented in the previous sec-
tion, we believe strongly that, in this case, our ground-based sta-
tions were situated directly under (or at least very near) the foot-
prints of a localized pair of oppositely directed field-aligned cur-
rents, which were related to the substorm onset. Let us try to
consider the magnetic and electric effects of such a pair of field-
aligned currents on the ionosphere and magnetometers on the
ground.

Under the assumption of homogeneous or axi-symmetric con-
ductivity in the ionosphere, one should expect circular counter-
clockwise (clockwise) ionospheric Hall-currents to be driven
around the upward (downward) FAC, decreasing with growing dis-
tance from the center. In such a case only these Hall-currents
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Fig. l3. Theoretical pattern of the magnetie ground effect of two
vertically-incident field-aligned line—currents into a homogeneously
condueting ionosphere in the forms of equivalent current vectors
and a representative latitude profile (upper panel).

Ground perturbation of an ionospheric westward current (cen-
tral panel). Combined ground effects of the above two panels
(lower panel).

The ehosen latitude profile is indicated by a broken line, broken
vectors indieate the points for which no corresponding measure-
ments could be presented in the experimentally observed pattern
in Fig. 9

will produce a magnetic disturbance on the ground, while the
effects of the radial Pedersen-currents, combined with the FACs,
will vanish (Fukushima 1976). In Fig. 9 (left panel) two equivalent
current loops can be seen, having the correct sense of rotation
for the expeeted field-aligned current configuration at a substorm
onset. The observation that, at the positions of the loops, the
irregularity flow directions recorded by the STARE-radar (Fig. 10)
are antiparallel to the equivalent eurrents supports the idea that
the observed ground effect is produced by real ionospheric Hall-
currents (Baumjohann et al. 1978).

Besides the two oppositely directed loops in Fig. 9, a eertain
asymmetry becomes apparent, which indicates the additional effect
of a westward directed current. In Fig. l3 we demonstrate that,
in fact, a superposition of two Hall-current loops and an additional
westward current ean aceount for the equivalent current pattern
observed in eonnection with the substorm onset. The westward
current will partly caneel the oppositely directed parts of the loop
currents, while the parallel directed parts will be enhanced. The
maximum and minimum of the vertical Z component will appar-
ently be shifted to the north and south, respectively. In comparison
to the theoretical Iatitude profiles for a meridian exactly through
the center of the clockwise equivalent current loop, the observed
Iatitude profiles for all three components along profile 4 (i.e.,
from SOY to SAU, see Table 1 and Fig. l) are shown in Fig. 14.
It can be seen that the observed profile is in faet very similar
to the one that should be expected for the modelled superposition

Differential Iatitude profiles
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Fig. 14. Differential equivalent Iatitude profiles for the time inter-
val during which the onset-connected current system develops.
The meridian is located near the center of the clockwise equivalent-
current loop

of a clockwise Hall-current loop and an additional westward cur-
rent. The positive B-eomponent in Fig. 14 indieates that profile
4 must be situated to the east of the clockwise loop center.

But what, in this case, is the reason for the observed westward
equivalent current? The assumption of a homogeneous conducting
ionosphere will not be valid for auroral latitudes, but (due to
continuous particle precipitation along the auroral oval) there
will always be a region of enhaneed conductivity. Nevertheless,
locally homogeneous eonductivity will, to a first approximation,
still be a reasonable assumption for the explanation of ground
signatures of very localized FACs, as observed in eonnection with
pseudo-breakups and auroral spirals, when the effective width
of the FAC-connected disturbance is smaller than the latitudinal
width of the auroral oval. In the case of the more intense and
possibly wider substorm onset eonnected FACs, however, a belt
of higher eonductivity has to be considered.

In a series of papers Fukushima (1974, 1975 a, b) has discussed
the ground magnetic effect of a single downward directed FAC
which flows into a belt with Hall- and Pedersen-eonduetivity 3
and 2 times larger, respeetively, than in the surrounding ionosphere.
In order to maintain eurrent-continuity he had to assume cer-
tain boundary conditions at the borders of the belt. The most
probable conditions discussed are open field-lines at the poleward
boundary, allowing secondary FAC to flow, and closed field-lines
at the equatorward boundary, resulting in Charge accumulation
and dissipation via secondary ionospheric currents.

The basie results of his calculations are that, for such a configu-
ration, the Circular Hall-currents remain the same in principle
as in the case of homogeneous eonductivity, but are stronger
inside the belt than outside. The Pedersen-eurrents, however, are
no longer completely matched by the ground effect of the FAC,
but have a dominating component along the belt in both direc-
tions away from the point of primary incoming FAC. If one
adds to Fukushima’s results the effects of an upward FAC to
the west of the downward one, the resulting ground-effective Pe-
dersen-current will be westward directed. The combined ground
perturbations of the Hall- and Pedersen—currents in such a case
will be somewhat similar to the pattern drafted in Fig. l3.

However, from Fukushima’s numerical results it becomes clear
that in all cases discussed, where the auroral-zone Hall—conductivi-
ty is larger than the Pedersen-conduetivity, which according to
Brekke et al. (1974) is a correct assumption, the magnetic ground
perturbation caused by the ionospheric Pedersen currants will be
several times smaller than the one caused by Hall-currents. Also,
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other model calculations (W. Baumjohann, private communica-
tion) for a similar type of observed equivalent current pattern,
assuming a conductivity channel with the ratio of Hall- to Peder-
sen-conductivity being 2/1, show that the westward Pedersen-cur-
rent produced by a pair of field-aligned line currents alone can
not account for the observed perturbation of the two Hall-current
loops. Thus the only explanation for this discrepancy must be
that, after the onset of the substorm, the quiet-time westward
Hall-current, which is driven by the permanently existing global
FAC-configuration, also increases. In fact, observations by Iijima
and Potemra (1976) and Mozer (1971) have shown that the global
FACs and associated electric fields do increase immediately after
substorm onsets.

It should be mentioned here that all the models discussed
above still neglect the inclination and curvature of the field-aligned
currents, which should produce magnetic effects mainly on the
equatorward side of the onset region. For a more sophisticated
modelling of the real three-dimensional current configuration, the
effects of currents induced in the ground have also to be considered
more exactly than with only the assumption of a perfect conductor
at a certain depth. In Fig. 9 (lower left panels) it can easily be
seen that. e.g., the inductive coast effect is relatively strong at
the Norwegian coast (station AND), producing distortions mainly
in the Z component, during rapid changes in particular. Neverthe-
less erroneous contributions from the ground will not give rise
to a wrong interpretation for the current pattern considered, the
error being mostly in magnitudes.

Supporting Observations

So far we have considered only magnetic data in discussing
whether the observed phenomena could have been produced by
a localized pair of FACs. This is, in fact, in agreement with several
other observations, as we will show below.
A sudden Pi-type pulsation burst is, according to other reports
(e.g., Saito 1969; Kisabeth and Rostoker 197l ‚ Pytte et a1. 1976),
very closely connected to the onset or enhancement of FAC and
related ionospheric current systems. At this substorm onset a Pi-
burst was observed to start simultaneously with it between
2222:00 and 2223:00 UT, to reach maximum amplitude at about
2225:00 UT, and to cease shortly after 2226:00 UT (T. Bösinger,
University of Oulu, private communication). This is exactly the
time interval during which we observe the development of the
entire double loop system in the DEC vectors.

The very good spatial and temporal correlation between the
optical auroral observations and the development of the onset—
connected equivalent current system is in agreement with our inter-
pretation. The initial auroral breakup, and later the remaining
intense discrete aurora is very well situated within the counter-
clockwise current loop, i.e., under the upward directed FAC which
should be carried mainly by energized precipitating electrons (Aka-
sofu et a1. 1969). Vice versa, the downward FAC should be carried
at least to some extent by energized precipitating protons and
positive ions (Potemra 1979; Klumpar et a1. 1976; Pellinen and
Heikkila l978a) which are not able to produce bright aurora
(Vallance Jones 1976, p. 54). This is in agreement with the observa-
tion that the aurora ceases over the Scandinavian area after
2225 : 20 UT, when there is still a large portion of clockwise equiv-
alent current added to the onset-connected current system. The
DMSP-photograph and the ASC-data show that this decrease
in the aurora seems to be restricted to the area of probable down-
ward FAC only.

The clear delay of about 2 min between the arrival of substorm-
energized electrons (as indicated by the auroral breakup and the
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PHOTOMETER KIRUNA (ELEVATION 75°N)
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Fig. 15. Photometric recordings of the photometer in Kiruna for
the wave lengths 486.1 nm (Hß) and 630.0 nm (red 01), with back-
ground subtracted, for a representative elevation angle of 75° N.
The original curve for the 630.0 nm line has been shifted 110 s
back in time to correspond to the excitation of the aurora rather
than its emission

counterclockwise loop representing upward FAC) and protons
(as indicated by the localized cessation of the aurora and the
final development and widening of the clockwise loop representing
downward FAC) is an important observation. The delay had been
reported earlier by Fukunishi (1975). If one accepts that the sub-
storm onset connected energization of particles of both types must
occur at the same time, by a symmetric mechanism capable of
producing the observed distribution pattern, the relatively large
delay in the arrival of the slower protons must mean that the
energization mechanism is located far away from the earth, most
probably in the magnetotail. Differences in arrival times of elec-
tron and proton beams produced in the magnetotail at substorm
onset were also obtained in the Simulation calculations by Pellinen
and Heikkila (1978 a).

Some photometric data from the instruments in Kiruna (Swe-
den) and Lavangsdalen (Ramfiord, Norway) show the delayed
arrival of protons. The photometer at Lavangsdalen was not scan-
ning during the time interval considered, but was Viewing constant-
ly along the magnetic field lines, i.e., towards an ionospheric region
approximately over Rostadalen (ROS). The Hß-CIDISSIOIIS from
this region, which is very near to the possible location of downward
FAC, start to rise after 2225200 UT, when the Visible aurora
decreases in that area. Also. the photometer at Kiruna records
Hß-emissions from nearly all elevation angles only some minutes
after the substorm onset.

In Fig. 15 only the development of the Hß- and 630.0 nm em-
issions from a representative elevation angle of 75° over the north-
ern horizon at Kiruna is shown. As we are mainly interested
in comparing the moments of excitation of the two emissions,
the curve for the 630.0 nm emission was shifted 110 s back in
time corresponding to the average delay in the emission of this
particular wavelength. Thus the two curves became approximately
directly comparable, although not originally recorded synchron-
ously. It can be seen that the rise in the Hß-emissions is preceded
by a high short-lived peak of red auroral emissions, which is
certainly related to the substorm onset. The entire photometric
data set (not shown here) reveals that, in contrast to the Hß-
emissions, this peak is observed at Kiruna only from about 40°
to 90° N elevation. If one compares this observation with Fig.9
and Fig. 14, it seems as if the red emissions are restricted t0
the area of initial downward FAC. while the proton-emissions
observed later correspond in time and location to the final area
of downward FAC, which has Clearly widened and spread out
further to the south. Since, according to Klumpar et a1. (1976),
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Kamide and Rostoker (1977), and Klumpar (1979), the downward
equivalent current is carried t0 a large extent by upward going
ionospheric electrons of low energy, the photometer observations,
together with the ground signatures of localized downward FAC,
give rise t0 some questions. It may be possible that the red auroral
emissions that usually come from heights greater than 200 km
(Vallance Jones 1976) have in this case been excited by upward
going electrons. If this happens t0 be the case, it would suggest
that the necessary upward directed field-aligned acceleration
mechanism for ionospheric thermal electrons is related t0 the posi-
tive Charge of the cloud of energized protons arriving from the
magnetotail, as the red auroral peak is observed t0 decrease when
the protons arrive at the ionosphere. However, the answer t0
this question has t0 be postponed until better observations are
available.

The expansion of the onset-connected three-dimensional cur-
rent system is in good agreement with the observations of other
authors. T0 the west, the travelling disturbance resembles the
features observed in connection with westward travelling surges
(Kamide and Akasofu 1975; Kisabeth and Rostoker 1973), the
speed, in the beginning at least, being of the same magnitude
as given by Akasofu et al. ( 1965 a). Figure 12 shows that the expan-
sion of this relatively weak substorm reaches at least far as Nars-
sarssuaq in Greenland. T0 the east, the expansion speed is consid-
erably faster than t0 the west. The northward expansion stops
after about 400 km, as reported by Akasofu et al. (1965 b) for
a moderate substorm.

N0 statement can be made on whether the central meridian
of the three-dimensional substorm current system stayed stable
during the whole development of expansion. According to Pytte
et al. (1976) the position of the central meridian and the develop-
ment of the substorm expansion can be deduced from a longitudi-
nal profile of stations in mid-latitudes. An attempt was made
t0 apply this method to the data from this substorm also, but
due to the low intensity, the amplitudes at mid-latitudes were
only of the order of nT, thus being too small t0 permit reliable
analysis.

5. Summary and Conclusions

In this paper we reported observations of a moderate substorm
with an extended network of ground-based stations. Even though
the majority of the disturbances were relatively weak, the most
typical features of a substorm have been observed. The results
of this study can be summarized as follows:

— The extent of the IMS-network of stations in Scandinavia has
proved to be close to the scale—size of substorm onset phenom-
ena.

— The three-dimensional current system, which is connected t0
a substorm onset, is represented most likely by a localized
pair of oppositely directed field-aligned line-currents of the
configuration proposed by Boström (1964) (Boström I model).

— During the later course of the substorm, the very localized
three—dimensional onset current system expands t0 east and
west and develops into a more sheet-like configuration.

— The main magnetic ground perturbations observed at the sub-
storm onset seem t0 be produced by ionospheric Hall—currents,
driven by the electric fields of the local, as well as the global,
field-aligned current-configurations.

- The auroral breakup is obviously related t0 the onset of a
localized, upward directed, field-aligned current, carried by

precipitating electrons, which represents the western part of
the three-dimensional onset current system.

— The eastern part of the onset current system can reasonably
be attributed t0 the effect of a downward field-aligned current.
Ground based observations indicate that this downward cur-
rent is carried by upward going ionospheric electrons during
the first 2 min of the substorm development. Later, at least
some part of this current is carried by precipitating magneto-
spheric protons, arriving delayed.

— For the first two minutes after the substorm onset the down-
ward field-aligned current is well correlated with red auroral
emissions, which may be excited by upward accelerated ion-
ospheric electrons. Later the intensity of Hß—emission exceeds
that of the red aurora.

— A burst of Pi-type pulsations is associated with the onset of
the field-aligned currents, lasting for as long as the growth
in the ground signatures of these currents can be observed.

The event reported in this paper has made us believe that
we are dealing with a phenomenon characteristic of auroral sub-
storm onset, which has never, up t0 now, been observed in it’s
entirety, even though it has been included in substorm models
for a long time. We are sure that, with our experience in this
study, we will be able to recognize signatures similar t0 our data
again in the future and study them in more detail. The much
better optical equipment that is planned for Operation in the Scan-
dinavian area in the future, will help us especially in clarifying
some of the questions which have arisen in this study.
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Abstract. Bursts of irregular long—period magnetic pulsations have
been observed in the afternoon sector of the auroral zone when
a substorm was developing in the midnight sector. The maximum
amplitude of these pulsations is coincident both in spaee and
time with the maximum of riometer absorption. Short-period mag—
netic pulsations, usually an IPDP event, appear also at the same
location at the same time. These observations are discussed for
modelling the afternoon Pi2-like magnetic pulsations. Similarities
with the midnight Pi2’s are noted.

Key words: Pi2 magnetic pulsations — Substorm — Plasmapause.

Introduction

Irregular long-period magnetic pulsations called Pi2 pulsations
occur typically at the onset of a substorm. Pi2’s are believed
t0 be an important manifestation of substorm processes (see, as
general reviews, Saito 1969; Orr 1973). It has been confirmed
by Raspopov et a1. (1972), Stuart (1974), Fukunishi (1975), and
Saito et al. (1976) that on the night side of the magnetosphere
the amplitude of Pi2 waves has the main maximum (high latitude
maximum) at the auroral oval and a seeondary maximum (midlati-
tude maximum) inside the plasmapause. Phase reversals of about
180° are reported to oceur at the high latitude maximum and
at the minimum (subauroral minimum) between the two maxima
(Björnsson et a1. 1971; Saito et a1. 1976).

Kopytenko et al. (1977) made an analysis of magnetic pulsa-
tions during the substorm in the loeal midnight sector using a
dense network of magnetometers spaced by about 1° from c1): 53°
t0 d)=65° They reported an interesting result: an intermediate
amplitude maximum of long—period magnetic pulsations appears
between the high- and midlatitude maxima. It was eoncluded that
this new maximum occurs at the plasmapause projection onto
the ground. This was concluded earlier also for the subauroral
minimum (Saito 1976), whieh, however, according Kopytenko
et al. (1977) is located still 2—3° south of the plasmapause projec-
tion.

It is further known that Pi2 waves at the auroral oval are
closely associated with the auroral electrojet (Olson and Rostoker
1975) and electron precipitation into the high atmosphere (Stuart
et a1. 1977). Also high—frequency pulsations are superimposed on
P12 waves at high latitudes (Saito 1969).

0340-062X/80/0048/01 16/80100

In this paper bursts of large-amplitude irregular magnetic pul-
sations in the Pi2 period range on the afternoon side of the magneto-
sphere are studied. These bursts occur during the substorm in
the longitude sector of the positive bay in the auroral zone. Such
pulsations seem to be common according to Jacobs and Sinno
(1960). A special interest here has been to give a detailed picture
of the association of these long—period pulsations with the sub-
storm development and with the electron precipitation events and
high-frequency magnetic pulsations in the same local time sector
using a dense network of riometers and magnetometers across
the auroral zone and plasmapause region.

Observations

Long-period magnetic pulsations (TN 10—200 s) analysed here have
been recorded by magnetostatie magnetometers of the same sta-
tions as those used by Kopytenko et a1. (1977). The time resolution
is about 4 s. The geomagnetic coordinates of the stations are given
in Table 1 (Evans et a1. 1969). A north-south chain of four
27.6 MHz riometers was operated by the Geophysical Observatory
of Sodankylä. The time resolution is of the order of 2 min. A
north-south ehain of 3 induction coil magnetometers was operated
by the University of Oulu. These detect short-period magnetic
pulsations (TN1.0—10 s) recorded on analog tapes and displayed
by sonagrams with a time resolution of about 2 min. The geomag-
netic coordinates of the Finnish stations are given in Table 2 (cor-
rected geomagnetic coordinates calculated after Gustafsson 1970).

In this report, data from March 2 and 3, 1974 will be presented.
The general magnetic activity during the events was charaeterized
by the Kp value 4.

Table l. Location of Russian magnetometer stations

Station L Geomagn. coord. (eorrected)

Latitude Longitude

Lovozero 5.1 63.8° 118°
Kniazhaya Guba 4.7 62.4o 116°
Angozero 4.5 61.4° 116°
Kem’ 4.2 60.7° 116O
Muezerka 4.0 60.0° l 13°
Suckozero 3.75 59.0° 111°
Suisaari 3.6 580° 114°
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Table 2. Locations of Finnish riometers and pulsation magnetome-
ters

Station L Geomagn. coord. (corrected)

Latitude Longitude

Kevoa 6.0 66.2° 111°
Ivaloa 5.5 65.0° 110°
Sodankylä 5.1 63.9° 109°
Oulu 4.3 61.8° 107°
Nurmijärvi 3.3 57.0° 103°

a Only riometer

2 MARCH 1971., KEM’

H
13x

D

WM

l 1 4 | L
15 50 15.55 16-00 16-05 16.10 UT
Fig. l. Long-period magnetic pulsations registered in Kem’ at T2 =
155241610 UT on March 2, 1974

Events on March 2, 1974

Two trains of intense long-period magnetic pulsations appear at
T1215.22—15.38 UT (N 18.30 MLT) and at T2215.52—16.10 UT
(N19.00 MLT). An example of the pulsations at T2 is given in
Fig. 1. Note that for the analysis we have always taken that part
of the pulsation train that can be identified at each station as
belonging to the same burst (a train usually consists of several
bursts). The maximum amplitude of waves — derived from the
H-component — occurs at LN4.7 for the first event (T1) and
at or beyond LN4.2 for the second event (T2), as shown in the
amplitude/time plots in the top half of Fig. 2a. It should be noted
that data at L> 4.2 for T2 are not available, and that ‘amplitude’
here is defined as the variation range between maximum and
minimum in the reeords.

In the lower half of Fig. 2a the latitudinal variation of riometer
absorption is presented. At the end of T1 riometer absorption
Starts to increase at Sodankylä (LN5.1), reaching its maximum
shortly after T1. Later at T2 a strong absorption event has been
recorded at Oulu (LN4.3).

Dynamic spectra of high-frequency pulsations from two sta-
tions located at about the same meridian as the Russian magnet-
Ometers are illustrated in Fig. 2b. At the auroral zone station
(Sodankylä) unstructured Pol—2 waves (see Heacock 1971a) ap-
pear at T1 which are most intense at the time of the strong absorp—
tion event at Sodankylä. Later, at T2 typical Pil activity appears
in the Sodankylä recordings. At a more southern station (Oulu)
Pol—2 pulsations have been observed at T1 but at T2 an IPDP
pulsation event with a steep inerease of the frequency is the promi-
nent characteristic of short-period magnetic pulsations.

Figure 20, d show the development of magnetic disturbances
in the auroral zone and at low latitude, respectively. It is seen
in Fig. 2c that negative magnetic bays start at Chelyuskin at
15.20 UT (N22.25 MLT) and at Dikson at 15.50 UT
(N21.35 MLT). Both of these onsets at 15.20 and 15.50 UT can
be related with the increase of the magnetic field at the stations
in the afternoon sector, namely at Kiruna (N 17.55, 18.25 MLT)
and at Loparskaya (N 18.20, N 18.50 MLT).

At low latitude stations at Guam and Lunping at T1 and
at Hyderabad and Alibag at T2 an increase in the H-component
has been measured as shown in Fig. 2d. This has occurred in
the longitude sector of the negative bay in the auroral zone (cf.
Fig. 2c). The local magnetic midnight of the various stations is
denoted by a dot in Fig. 2c, d.

Events an March 3, 1974

A similar set of data as for the events of March 2 is shown
for an event on March 3, 1974 in Fig. 3a—d. A burst of intense
irregular long-period magnetic pulsations was observed at 13.47—
14.05 UT (N16.50 MLT) with maximum at LN4.2 as shown in
the upper half of Fig. 3a. At the same time an intense absorption
event appears in riometer recordings at the Oulu station
(N 16.20 MLT) at LN4.3 as shown in the lower half of Fig. 3a.
According to Fig. 3b strong IPDP pulsations have also been ob-
served at Oulu.

A magnetic substorm starts at Dikson at 13.30 UT
(wl9.10 MLT) which is associated with a positive bay in the
afternoon sector at Kiruna (N15.20 MLT) and Loparskaya as
illustrated in Fig. 3c. At the same time an increase of magnetic
field intensity is seen at low latitudes (Fig. 3c) at the meridian
of the high latitude negative bay as shown in Fig. 3d.

Summary and Discussion

Meridional profiles of riometer absorption and oocurrence of
short-period magnetic pulsations have been analysed in the after-
noon seetor at the time when a burst of irregular longperiod
magnetic pulsations has been observed during the positive bay
at about the same meridian. Our observations can be summarized
as follows:

l. The bursts of irregular long—period magnetic pulsations are
associated with the substorm developing to the east from the
meridian of pulsation magnetometers.

2. The maximum amplitude of pulsations occurs at about the
same latitude and at about the same time as the riometer absorp-
tion maximum.

3. Short-period magnetic pulsations typed unstructured Pol—2
or IPDP are also observed at the same latitude.

Note that the longitudinal differenoe of the Russian and Finn-
ish meridians can be neglected as regards Pi2, IPDP and riometer
absorption events, since each of them is reported to occur simul-
taneously over a large longitudinal extent (Sutcliffe 1979; Heacock
1971 a, b; Berkey et a1. 1974).

The comparison of the auroral zone and low latitude magneto-
grams with the observed Pi2—like pulsations shows that our after-
noon Pi2’s monitor the substorm development in the same way
as Pi2’s recorded in the midnight sector. We therefore propose
that the afternoon Pi2's are due to night-time westward propagat-
ing Pi2 waves which succeed in penetrating into the afternoon
side of the magnetosphere. This is consistent with Sutcliffe’s (1979)
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result of westward propagating (before 23 LT) Pi2 pulsations at
auroral latitudes.

As regards the Pi2 pulsations it should be taken into aeeount
that also changes of the ionospherie eonduetivity as derived from
riometer absorption measurements eause modulation of the ion-
ospherie eurrent whieh generates a part of the pulsation aetivity
observed on the ground (Wilhelm et a1. 1977). Unfortunately, our
riometers are not able to resolve the fluetuations of the absorption
in the frequeney range of the observed magnetic pulsations.

It is believed that unstruetured Pel—2 and IPDP pulsations
are generated via the ion-eyelotron resonanee mechanism in the
plasmapause region (Heaeoek l97lb, 1973; Gendrin 1975). The
protons involved in this proeess are injeeted into the magneto-
sphere during the substorm, mainly in the midnight seetor from
where they are drifting to the west. Good conditions for the ampli-
fieation of waves ean be met in the plasmaspherie bulge region
on the evening side as shown by Perraut and Roux (1975). The
same region in the magnetosphere is also a favourable region
for the parasitie wave—partiele interaetion between ULF-waves and
high-energy eleetrons as proposed by Thorne and Kennel (1971).
This interaetion may result in intense eleetron preeipitation into
the atmosphere as diseussed by Thorne (1974) and Lukkari et a1.
(1977). In the frame of the above mentioned theories the simulta-
neously observed maxima of Pi2 pulsations and riometer absorp-
tion together with the IPDP pulsations are a eonsequenee of inter-
eonneeted proeesses in the plasmapause region. An independent
measurement of the location of the plasmapause, therefore, would
be highly desirable.

Aeeording to Novikov and Kiselev (1977) the inerease of mag-
netie field intensity in the equatorial plane of the magnetosphere
during substorms leads (among other agents like inward motion
of a generation region and energy dispersion of westward drifting
protons) to an inerease of the wave frequeney of IPDP events.
Thus our display of low latitude magnetograms does not only
allow to loealize in time and space the substorms but also shows
a possible eonneetion between IPDP and equatorial magnetic field
intensifieation.

Summarizing we ean say that all three events presented here
show a elose eonneetion between the pulsation amplitude and
the riometer absorption maximum at the statistieal position of
the plasmapause projeetion onto the ground (Chappell 1972). Si-
multaneously observed IPDP events further support the idea of
an intereonneetion of all three phenomena at the plasmapause
where most favourable conditions for the development of ion
and eleetron eyelotron instabilities exist.
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Power of Burg’s Maximum Entropy Method*

F. Wenzel and W. Zürn

Geophysikalisches Institut, Universität Karlsruhe, Hertzstr. 16, D-7500 Karlsruhe, Federal Republio of Germany

Abstract. The maximum entropy method (MEM) proposed by
Burg (1967) for power spectral analysis has often been cited for
superior resolving power (Ulrych and Bishop 1975). The resolv-
ing power of classical techniques is limited to Af g T‘ 1, where
T is the length of the time series or the maximum lag, for the
periodogram and the power spectrum respectively. The limits of
MEM have, to our knowledge, never been explored. Using
signals consisting of two and three decaying sinusoids, with
random noise superimposed, we tried to find criteria for the
limits of resolution with MEM. The best resolution'(in the sense
that the real frequency separation in the time series is verified by
the analysis with relatively small errors) we found was
AfSYN- Tz0.2; but this is not a well defined limit.
Key words: Maximum entropy method — Spectral resolution.

Introduction

Numerous papers (Ulrych and Bishop 1975 for references) have
dealt with the theory and the assumptions of the maximum
entrOpy method (MEM). Numerical experiments have shown,
and applications to geophysical time series have indicated, in-
creased spectral resolution of MEM as compared with the
classical methods, the periodogram and power spectrum. How—
ever, Chen and Stegen (1974) pointed out that MEM has disad-
vantages also, the most severe being that the spectra may exhibit
peaks with no physical meaning (artificial Splitting). Another
problem they found is the shifting of the locations of spectral
peaks (LOSP), an effect which can be rather strong for short
Signal durations 7: and depends on the initial phases q), [see Eq.
(1)] of the signals. Amplitudes and line shapes are not as readily
interpreted as in classical methods; this was recognized in the
first publications on MEM (e.g. Lacoss 1971).

Most of the authors who investigated the properties of
MEM using synthetic signals confined their interest to the range
where the resolution needed is slightly better than classical
methods can achieve, i.e., A fSYN- T2027 (Table 1). In all these
cases MEM was clearly able to resolve the lines. Here we
explored the range A fSYN’ T between 5- 10‘ 7 and 10 in the input
series, in order to find the limitations of MEM and possibly
some criteria for future applications for spectral resolution. In
order to suppress the shifting of the LOSP we used only signals
with duration T longer than about 20 times the signal period.

* Contribution No. 225, Geophysikalisches Institut, Universität
Karlsruhe

Table l. Frequency separations in synthetic time series used in
the literature to show the resolving power of MEM. Af is the
frequency separation, T the length of the series, A f . T indicates
the resolving power: if A f - T is less than 1 the resolution is
better than 1/T

Author Af 1/T Af- T

Lacoss (1971) 0.15 0.1 1.50
Ulrych et al. (1973) 0.04 0.05 0.80
Ulrych and Bishop (1975) 0.03 0.025 1.20
Radoski et al. (1975) 1.0 0.78 1.28
Baggeroer (1977) 0.5 0.42 1.19
Newman (1977) 0.04 0.067 0.60
Bowling (1977) 2.0 4.0 0.50
Frost (1977) 0.016 0.030 0.52

0.012 0.030 0.41
0.010 0.030 0.33
0.0060 0.015 0.39
0.0042 0.015 0.27

Numerical Experiments

Synthetic Signals

‚Synthetic signals xk of the following type

L

xk: Z Ai—exp(—ö,»k-AT)'cos(27rfi-k-AT—(pi)+nk
i: 1

k:1,2,...,M (1)

were analyzed using Burg’s MEM algorithm. The frequency
separations in the time series are:

AfSYNzlfi—fi+1|

L =2, 3 is the number of decaying harmonic signals in the series;
Ai, öi, fi, gol- are amplitude, attenuation factor, frequency and
initial phase of the i—th harmonic; AT is the sampling interval
and M - A T is the length of the time series. The noise nk consists
of normally distributed random numbers, the signal-to-noise
ratio (SNR) is specified in dB and defined as the ratio of the
power in the sinusoids to the power in the random numbers.

These signals could simulate a record of free Vibrations of
the earth after narrow band-pass filtering. The attenuation fac-

O340-062X/80/0048/0121/501.00
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Table 2. List of parameters for the time series used in this paper. For definitions see Eq. (1)

Series M A T T SNR i A, (5,. f, cpi(°) Remarks
dB

B 500 0.001 0.5 5 1 1 5 100 0 Af varied from 10 to 5 x 10‘7, the corresponding
2 1 5 ' 100+Af 180 filter length, where resolution is achieved, from

60 to 400
F 100 0.01 1.0 5 1 1 1 20 0 Af varied from 10 t0 0.001, the filter length from

1 1 20+Af 90 20 to 80. In order t0 see the influence of the SNR
and the phase shift, we also operated with SNR:0
and 30 dB and goz 245°. The results remained unchanged

H 100 0.01 1.0 30 1 1 0 20 0 Two undamped sinusoids. Af varied from 10 t0 0.01,
2 1 0 20+Af 45 the filter length from 20 to 95

K 100 0.01 1.0 5 1 1 0 20 0 Three undamped sinusoids. Af varied from 10 to 0.01,
2 1 0 20+Af 45 the filter length from 20 t0 90
3 1 0 20+2Af 90
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Fig. l. Plot of AfMEM versus AfSYN for resolved peaks in the
MEM spectra of time series B. A f are measured in units of
reciprocal time in the time series (sampling interval AT:1 unit)

tors were in fact chosen t0 be of the order of magnitude
observed for free oscillations of the earth.

The frequency differences A fSYN : Ifi —f‚.+ 1| were varied over
a wide range. The Signal parameters and the prediction error
filter lengths (NPEF) used are listed in Table 2.

Results

MEM spectra were computed for all these time series and in
each case the NPEF was increased until L peaks appeared in the
spectrum. The resulting frequency separations A fMEM were plot-
ted in Figs. 1—3 versus the frequency separation in the input time
series AfSYN. When less or more than L distinct peaks were
found, the results were discarded. Ideally the data points should

122

Fig. 2. Plot of A fMEM versus AfSYN for resolved peaks in the
_MEM spectra of time series F

follow a straight line with a slope of 45 degrees, a result which
cannot be expected for very small A fSYN. For classical tech-
niques no data points would occur for A fSYN smaller than about
T ‘1. It was surprising t0 find separated peaks with MEM for
A fSYN as low as 5 — 10"7 - T‘ 1 for L22. However, the frequency
separation obviously cannot be considered reliable below a
certain threshold fSYN- T=c. For the three time series B, F, and
H we found c t0 be between 0.4 and 0.5. This threshold does not
appear t0 depend on NPEF, SNR or (PI-

For the K series, where L = 3, however, the three constituents
were never resolved when A fSYN- T was less than 1. In this case
therefore, MEM is only moderately superior to a periodogram
as far as resolution is concerned.

It should be mentioned here, that when higher resolution is
required than A f - Tz 1, for more complicated Signals, and when
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NPEF is large, artificial splitting may occur and may com—
plicate, to say the least, the interpretation of real data (e.g.
Wenzel 1978).

Discussion

Our experiments demonstrate that for two decaying sinusoids
MEM always shows two peaks, but does not give the correct
frequency separation if A f 0T is less than 0.4. For two un-
damped sinusoids we found a similar threshold, while for three
undamped sinusoids no resolution occurred below A f . Tz 1.

Because of the complexity and nonlinearity of MEM we
cannot assess analytically the threshold found, even in the sim-
plest case. Table 1 and our results show that for the simple case
of two sinusoids, decaying or not, the resolution of MEM is
markedly better than a periodogram’s (by a factor of 5 to 10).
This property deteriorates as Signals become more complicated,
as in the free oscillations of the earth, for example (Wenzel
1978)

MEM attenuates the effects of truncation of a time series by
prediction filtering and thus Virtually increases its length and
consequent resolution (Smylie et a1. 1973). The quality of the
prediction filter found from the data depends on the type of time
series under investigation. The best performance of MEM must

be expected when autoregressive processes are being analyzed
(Ulrych and Bishop 1975).

Acknowledgements. We are greatly indebted to Dr. K.-O. Mil-
lahn for helpful discussions and constructive criticisms. We also
want to thank Drs. K. Fuchs, G. Müller, and E. Rietsch for
critically reviewing the paper and Ingrid Hörnchen for typing
the manuscript.

References

Baggeroer, A.V.: Confidence intervals for maximum entropy
estimates. In: Aspects of signal processing, Part 2, G. Tac-
coni, ed.: Dordrecht, Holland: Reidel Publ. Comp., 617—630,
1977

Bowling, S.B.: Linear prediction and maximum entropy spectral
analysis for radar application. M.I.T. Lincoln Laboratory Pro-
ject Rep. RMP-122, 1977

Burg, J.P.: Maximum entropy spectral analysis. Paper presented
at 37th Annual Meeting, Int. Soc. Exploration Geophysicists,
Oklahoma City, Oklahoma, USA 1967

Chen, W.J., Stegen, G.R.: Experiments with maximum entropy
power spectra of sinusoids. J. Geophys. Res. 79, 3019—3022,
1974

Frost, O.L.: Power spectrum estimation. In: Aspects of signal
processing, Part 1, G. Tacconi, ed.: Dordrecht, Holland:
Reidel Publ. Comp., 125—162, 1977

Lacoss, R.T.: Data adaptive spectral analysis methods. Geo—
physics 36, 661—675, 1971

Newman, W.I.: Extension of the maximum entropy method.
IEEE Trans. Inform. Theory IT-23, 89——93, 1977

Radoski, H.R., Fougere, O.F., Zawalick, E.J.: A comparison of
power spectral estimates and applications of the maximum
entropy method. J. Geophys. Res. 80, 619—625, 1975

Smylie, D.E., Clarke, G.K., Ulrych, T.J.: Analysis of the irregu-
larities in the Earth’s rotation. In: Methods of computational
physics, B. Bolt, ed.: pp 391—430. New York: Academic Press
1973

Ulrych, T.J., Bishop, T.N.: Maximum entropy spectral analysis
and autoregressive decomposition. Rev. Geophys. Space
Phys. l3, 183—200, 1975

Ulrych, T.J., Smylie, D.E., Jensen, O.G., Clarke, G.K.: Predictive
filtering and smoothing of short records by using maximum
entropy. J. Geophys. Res. 78, 4959—4964, 1973

Wenzel, F.: Hochauflösende Spektralanalyse-Verfahren mit An-
wendung der Maximum Entropie Methode auf das Kolum-
bienbeben 1970. Diplomarbeit, Geophysikalisches Institut,
University of Karlsruhe, 1978

Received November 8, 1979; Accepted March 11, 1980

123



|00000130||

J. Geophys. 48, 124—125, 1980

Letzter t0 the Editor

Journal of
Geophysics

Errors in Matrix Element Expressions for the Reflectivity Method

D.R. Baumgardt

ENSCO, INC., Data and Computer Sciences Division
P.O. Box 2578, 1930 Highway AlA,Indian Harbour Beach, Florida 32937, USA

The purpose of this note is to correct some long standing errors
in expressions for the bottom half space delta matrix used in the
computation of the pr0pagator matrix of the transition zone in
the reflectivity method. The expressions were first given by
Fuchs (1968) in his Sect. 6.3, and the same erroneous expressions
have reappeared in Kind (1976).

Using the notation of Fuchs (1968), the lower half space
matrix for an n—2 layer transition zone between 2 half spaces is:

-j2#„kvnv; +J'u„l„v; -v‚.v; -kV1‚
T_1:F- _jrunlnvn —j2.unkvnvi1 _kvn +vnvir

(1)" -1’2M„kv„v;‚ -J'u„l„v; -V„V1‚ +10);
+ju„l„v‚. -J'2#„kV„V1‚ +kv„ +V„V;

where

ßZ‘—
211" vn vn. (2)

The elements of the delta matrix of the lower half space are
the 2 x2 subdeterminants of the T"—1 matrix. The correct ex-
pressions are:

A ß4 / 12
{n12:t1____ ".4k2+

n)12 11 4w4\ „v’
- 2

tn12___fn|1: 1,3„13 2 4u„v;‚w2
- 4

An An A 7, —.]ßn / Int 13.:: Iä=t”ää=t ”F41 „so-(2+, ) <3)
- 2

P112=P|1:_

Jßn24 5 4u„v„w2
A A / k2
tn 12____tn1____ . 1+

>
34 |6 4p‚2‚a)4\ vnv;

These are the only elements of the 6 x 6 delta matrix for the
lower half space that are required for computing reflection and
transmission coefficients of the transition zone. Equivalent ex-
pressions for the half space delta matrix elements are also given
by Watson (1970). They differ from the expression in (3) because
Watson (1970) uses the dilatational and rotational wave so-
lutions given by Haskell (1953) rather than the potential so-
lutions given by Fuchs (1968).

The expressions given by Fuchs (1968) and Kind (1976) were
apparently obtained by evaluating the 2 x 2 subdeterminants of

O340-062X/80/0048/Ol24/801.00

the matrix in the brackets in (1) and multiplying by the common
factor F in (2). In fact, the subdeterminants of the matrix in
brackets should have been multiplied by F2. Therefore, all delta
matrices mlfjl of the Haskell propagator matrix M computed
with the expressions in Fuchs (1968) and Kind (1976) would
have a multiplicative error of F.

It should also be pointed out that the definitions of the
vertical wavenumbers v, and v; given by Kind (1976) are in-
correct. The correct definitions are given in (12) and (13) in
Fuchs (1968).

Fortunately, none of the results of the application of the
reflectivity method to date are invalidated (Fuchs and Müller
1971; Kennett 1972; Kind and Müller 1975, to name a few). This
is because these applications have required only the compu-
tation of topside reflection coefficients from the transition zone.
For example, the reflection coefficients for incident P waves on
the top of the transition zone are (Fuchs 1968; Öerveny 1974):

RPPZRllzmlää/milä
(4)

RPS:R12 Z —m|i:2;/m|iä

Since the numerators and denominators are in error by a
factor of F, the errors are removed by division. The error does
not divide out for other coefficients, however. For the case of an
incident P wave from the top, the top to bottom transmission
coefficients are (Fuchs 1968; Cerveny 1974):

TPP:R13=m31'RPP+m32'RPS+m33

TPs=R14zm41'RPP+m42'RPs+m43

The mij are elements of the Haskell matrix M. For these
expressions, the errors remain in the elements of the M matrix
and are not divided out. From Öerveny (1974), the expressions
for R13, R14, R23, R24, R31, R32, R41, and R42 would also
contain the multiplicative error whereas in the expressions for
R21, R22, R33, R34, R43, and R44, the error is removed by
division.
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Comment of the Editor
The three authors of the Reflectivity Method (K. Fuchs, G.
Müller, R. Kind) acknowledge that D.R. Baumgardt has pointed
out an important error in the reflectivity method for the case of
transmission.
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Abstract. On 19 November 1976 a rather well developed giant
pulsation event occurred at about 0600 MLT over northern
Scandinavia. Results of observations obtained with a dense
network of magnetometer stations are reported. The method of
analysis is based on the concept of the analytical Signal. The
disturbance region was strongly localised. The amplitudes of the
horizontal components show a pronounced difference: the
amplitude maximum of the N-S component is clearly moving to
the west while that of the E—W component is nearly fixed
relative to the array. The frequency of the event decreased with
time. Both the frequency decrease and the drift of the amplitude
maximum are interpreted in terms of bounce — resonance in-
stability. The spatial polarisation pattern found is in agreement
with the fieldline-resonance theory in that the sense of rotation
of the horizontal disturbance veetor is as predicted by the
theory. At the region of maximum amplitudes the pulsation is
linearly polarised in E-W direction, as observed by other wor-
kers. This does not agree with the fieldline-resonance model.
Apparent azimuthal wave numbers of the horizontal com-
ponents show that the event analysed is a westward-travelling
wave. The wave numbers are as large as predicted by Olson and
Rostoker’s (1978) empirically derived relation between the E-W
wave number and the frequency of pc 4—5 pulsations.

Key words: Giant pulsation — pc4 and 5 Pulsations — Bounce
resonance instability — Fieldline-resonance model — Apparent
EW wave numbers — Analytical signal.

Introduction

Among the various types of geomagnetic micropulsations, giant
pulsations (pg) are striking because of their sinusoidal form and
their large amplitudes. According to the definition given by
Annexstad and Wilson (1968), (1) they occur simultaneously at
conjugate points; (2) their average period is about 100 s; (3) their
spatial distribution is confined to a narrow range of latitudes in
the auroral zone; (4) they occur predominantly in the early
morning hours (Harang 1936); and (5) they are well modulated
and have amplitudes of several tens of nT (Jacobs 1970). Anoth-
er well-known feature of pgs is the change of their period with
time. This may be positive or negative and typically is of the
order 10 s/h (Eleman 1967; Annexstad and Wilson 1968; Hille-
brand 1974; Green 1979).

As a possible cause of pgs, Obayashi and Jacobs (1958)
suggested fieldline-guided hydromagnetic waves. This idea was

supported by Annexstad and Wilson’s (1968) study of the con-
jugate behaviour of pgs, and by Ol’s (1963) observation of a
clear relationship between the latitude of a pg region and the
main period of the event.

Hillebrand (1976), Green (1979), and Rostoker et al. (1979)
recently showed that giant pulsations exhibit some features that
are otherwise known from pc 4—5 micropulsation studies (e.g.
Samson et a1. 1971; Green 1978). A region exists where the
disturbance amplitude reaches a clear relative maximum. North
of this demarcation or resonance region the horizontal distur-
bance vector shows a clockwise rotation (if viewed in the
direction of the geomagnetic fieldline); south of the resonance
region the opposite sense of rotation is found. Starting from
these observations and from the fieldline-resonance theory as
described by Southwood (1974) and Chen and Hasegawa (1974),
Green (1979) suggested that pgs are westward travelling waves.

To prove this, and the applieability of the fieldline resonance
model to giant pulsations, and also to derive a more detailed
picture of the spatial amplitude, phase and polarisation be-
haviour, observations by a dense magnetometer array seem to
be necessary.

Since summer 1976 the University of Münster has been
operating such an array of up to 36 magnetometers of an
improved Gough-Reitzel type (Gough and Reitzel 1967;
Küppers and Post in press 1980) in northern Scandinavia
(Küppers et a1. 1979). In this paper we will give results of the
observation of a pg event by means of the Scandinavian Magne-
tometer Array and of a detailed data analysis.

Instrumentation

The sites of the magnetometers used in this study are shown in
Fig. 1. The instruments are located along five N-S profiles nearly
parallel to geomagnetie meridians (profile 1: FRE-HAS, pro-
file2: AND-LYC, profile 3: MIK-PIT, profile 4: SOY-SAU,
profile 6: BER-SKO). The spacing between magnetometers
along these profiles and between the profiles themselves varies
100—150 km. All magnetometers observe the magnetic field
variations with 10 s temporal resolution. A detailed description
of this magnetometer array has been given by Küppers et al.
(1979)

The coordinate system indicated in Fig. 1 was introduced by
Küppers et al. (1979) and has been named the Kiruna System. It
is a cartesian system obtained by a stereographic projeetion of
the globe onto a tangential plane centered at Kiruna, Sweden
(67.8o N, 20.4° E). The yKI axis of the system, whose origin is

0340-062X/80/0127/80240



situatecl at Kiruna (KIR, See Fig. l), has been ehosen as the
tangent to the projeetion of the line 06:05„ (KIR)=64.8° with d),
denoting the revised eorreoted geomagnetie latitude a0 given by
Gustafsson (1970). The xKI axis points approximately 12° west of
geographie north of KIR.

L’W U"
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R05. MIE.EVE.

i IMS - Magnelometer .Unw Monster

I Magnet IC Übservutory

28°E 32°E

Fig. l. Station map in geographie eoordinates. Also indieated
are the axes of the Kiruna system (see text) and the line of
eonetant revised eorreeted geographie latitude 06:64.80 N (alter
Gustafsson 1970)

For pulsation studies the amplitude and phaee response of
the magnetometers are of some importanee. Typieal response
eurves may be fotmd in Küppers and Post (1980). Here, we
restrict ourselves to pointing out that, for periods around 100 s,
no amplitude correotion i5 neeeesary whereaa phase distortion i0
01 the order of 10°. The uneertainty in phase determination
eaused by a time resolution of 100 i0 more severe and, for a
period of 100 s, may amount to i200. The amplitude resolution
is about 2 11T (Küppers et al. 1979).

Deseription of Data and Method of Analysis

On 19 November 1976 a rather well developed giant pulsation
event was observed between 0330 UT and 0450 UT (about
0550—0710 MLT) by the 20 northernmost instruments of the
Seandinavian Magnetometer Array at a time of moderate mag-
netospherie aetivity (Kp=3+). A5 an example, the magnetie
variations of the A eomponent (magnetie defleetion parallel to
the xK, axis), the B eomponent (magnetie defleetion parallel to
the yKI axis) and the Z eomponent are given for the northern—
most stations of profile 4 relative to the averaged quiet day
level on 18 November 1976, 0800—1200 UT (Fig. 2). The magneto-
grams Show the known quasi-monoehromatie nature of pga a0
reported by others (Rolf 1931; Annexstad and Wilson 1968;
Hillebrand 1976; Green 1979). The pulsation event oeeurred
during the reeovery phase of a small magnetie defleetion seen in
the A and Z eomponents, while the low frequeney part of the B
eomponent remained nearly Constant. To isolate the pulaation
train with a main period of about 100 s, all reoords were band-
paSS filtered with a filter of trapezoidal shape (Schmucker 1978)
and eut—off frequeneies at 4 and 16 mHz.

Some of the band-pass-filtered A and B data are given in
Fig. 3 for a north-south profile (SOR-PEL) and east-west line
(FRE-VAD). The streng loealisation of the disturbanee ie re-
markable. Between MIE and MUO the amplitude diminishes to
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Fig. 2. Magnetograms of the unfiltered A, B, and Z eomponents for profile 4 on 19 November 1976, 0300—0500 UT. The A and B
eomponents are defined parallel to the xKI and y,“ axis, respectively (see Fig. 1)
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abüut Inne-half over a north-south distance of about 100 km. On
the profile (FRE-VAD) the Stations west of MIE ShDW a Clear
düuble-peak structure in B, whereas all other statians Show a
simple wave-packet. In the following n0 regard i5 paid t0 the Z
cnmpnnent beeause, in the: pulsation frequency band, there are
marked inductiün effects in this component over Scandinavia,
051346010111}! near the northern coast (Jones and Olafsdottir 1979;
Küppers et al. 1979).

During further analysis of the data we considered the nearly
Sinusnidal character of pgs and regarded them as amplitude-
0nd phase-modulated quasi-monochmmatic wave trains. We
nünsidered the techniques of statistical frequency analysis t0 be
inapplicable t0 nur data because of the obvious non-stationary
character of the event. T0 derive amplitude and phase infor-

mation from the data we used the complex er analytical Signal
method as first described by Gabor (1946).

For a given amplitude and phase modulated monüchmmatic
Signal x(r)=A(t)cos(wt+qo(r)) a complex or analytical Signal
z(t) may be defined by

z(t)=x(t)+iy(t) (1)

where y(t) is the Hilbert transform of 300?)

1 +00

y(t)=—;; I Z244. (2)
For the instantaneous amplitude A(t), the instantaneüus phase
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Fig. 4. Magnetograms of the band-pass filtered B eomponents of
some seleeted stations together with the eurves of the instan-
taneous amplitnde eomputed by the analytieal Signal method

990:}, and the instantaneous frequeney f(r), the following re—
lations hold:

A10: x2(I}+y2(f)

c‚0(15): am 1311010001)

HIEE €00)- (3)

The idea of the analytieal Signal is based on eertain advantages
shown by operations with exponentials exp(i6j) as oompared to
operations with sinrf or eosif funetions (Gabor 1946). The
appearanee of the Hilbert transform may be understood by
rernernbering that the sin funetion is the Hilbert-transforrn of
rhe eos function. To provide for the computation of the Hilbert
transforrn of onr reeords all band-pass filtered data (see the
examples shown in Fig. 3) were set to zero before 0300 UT and
after 0500 UT. More detailed deseriptions of this demodulation
teehnique are given by Fischer (1969), Farnbaeh (1975), and
Kodera et a1. (1977).

As an example of what the above-deseribed method may
yield, in Fig. 4 the bandnpass filtered B reeords of the stations
MIK, ROS and KIR are shown together with the arnplitude
eurves as eomputed by the analytieal Signal method. The ampli«
tude eurves are just the envelopes of the reeords, and even very
minute ehanges in the envelopes are resolved.

Assurning the amplitude error, 6A, to be as large as the
magnetie resolntion of 2nT (Küppers et al. 1979), we may es-
timate the phase error, örp, and the frequeney uneertainty, öf,
from Eq. (3) to be (Sog-511° and öfse2 mI-Iz for an amplitude A
= 10 nT.

With the amplitude and phase values of two eomponents, A
and B for example, it is also possible to eornpute instantaneous
polarisation parameters in the way given by Born and Wolff
(1975, p. 28).
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Observations

Amplitude Behaviour

The geographieal distribution of the instantaneous amplitudes
of the horizontal eomponents (Fig. 5a, b) Shows, at all times, an
ellipsoidal shape, i.e., strongly loealised, but with slightly dif—
ferent half-widths, in both main direetions. In the N-S direetion
the half-width of the A and B distributions may be estimated to
be about 300 km, as already found by Hillebrand (1974, 1976).
In the E-W direetion it amounts to about 500 km für the A
Component and 300 km for the B eomponent. For most of the
time there is a pronouneed amplitude maximum in the B
eomponent situated on profile 4. Pulsation magnetograms from
the Soviet Union station Lovozero (LOZ, see Fig. 1) still show
the pg event but with an amplitude smaller than 2 nT.

The most striking feature in F ig. 5 is the eompletely different
behaviours whieh the disturbanee maxima of the A and B
eomponents show in time. The A maximum is indieated by the
dashed eireles in Fig. 5a. It elearly moves to the west along the
line MIE—FRE (65.70 geomagnetie latitude). Only very late
within the event (0430 UT, Fig. 5b) do we see a movement of the
B maximum to the west. For the A oomponent a small mose-
ment of the maximuni to the south may also be notieed
(Fig. 5a), but this observation is of doubtful signifieanee.

The E-W drift velooity of the A maximuni is u:—(0.18
j-_0.02) km/s, where the negative sign indieates a drift to the
west. If we transform this value to an apparent angular veloeity
around the earth’s axis by Virtue of mA = u/R,3 — eos Ö, with R5 the
earth’s radius and (15 the geomagnetie latitude, we get coA = —(6.8
i0.7)-10—5 rad/s whieh is, in magnitude, rernarkably elose to

the earth’s angular veloeity of rotation of 7- 10‘5 rad/s. Alto-
gether this means that the A maximum is nearly fixed with
respeet to the magnetosphere throughout the event.

Phase Behauiour

Again isolines are used to demonstrate the phase behaviour of
the event analysed (Fig. 6a, b). For the A eomponent the isolines
are very roughly straight, N-S direeted lines up to the latitude of
KIR. Further to the north large-phase differenees between the
coastal stations and the neighbonring inland stations are obsera-
able. For example, at 0410 UT this differenee reaehes 177°
between the stations SOY and MAT over a distanee of only
about 100 km.

For the B eomponent no sueh sudden phase ehanges are
visible. The isolines are stronglyr aligned along the N-S direetion.
As for the A eomponent. the eastern stations lead in phase whieh
means phase propagation to the west. This was suggested earlier
by Green (1979) froni pg observations at Kiruna and Tromsö
using the predietions of the fieldline resonanee theory (South-
wood 1974), and was found observationally by Rostoker et al.
(1979).

For three E-W profiles (AND, MAT, VAD along about
66.6D geomagnetio Iatitude, FRE, EVE, ROS, MIE, SKO along
about 66.0“, and GLO, RIJ, KIR, MUO along about 64.8“) we
computed apparent azirnuthal wave numbers, m, for the B
eomponent at three different times (see Table l). For the A
eomponent azimuthal wave numbers have only been eomputed
on the last two profiles beeause the northernrnost E-W profile
(AND, MAT, VAD) is already in the region where large N—S
spatial phase-gradients are found. The given wave nurnbers are
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76-11-19 04:00:00LJT 04:10:000T
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04:10:00 UT

Fig. 5. a Maps of the instantaneous
amplitude (in nT) of the A
component at four different times.
Linear interpolation has been used
t0 construct the isolines. The
dashed circles indicate the region of
the A disturbance maximum
b As Fig. 5a, but for the B
component

mean values as computed from the phase differences between
successive station pairs. An apparent wave length, Ä, is defined

2 - 7: . RE - cos d)by ‚12————— (Green 1976). As may be seen from Ta-

ble 1 there is no systematic difference between the wave numbers
for the various times and geomagnetic latitudes of the profiles
considered. Within the uncertainty of each m value there is n0
significant difference between the wave number of the A and B
components. '

Polarisation

As examples, the polarisation ellipses in the A-B plane of the
event analysed, at two times, are given in Fig. 7. In every case,
two perpendicular straight lines may be recognised dividing the
pg region into four quadrants, S 1—S4 (Fig. 8). One line, in the E-
W direction, separates two regions in which the senses of
rotation of the horizontal disturbance vectors are different.
Along this line, nearly linear polarisation in the direction of the
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‚19 Fig. 6. a Maps of the instantaneous phase (in
L" de

'
.420 grees) of the A component, mA, relatlve to

4‘26 the Station MUO: (pA =<PST-<PMUO‚ where
goMUO is the phase of the reference-station and
goST is the phase of a station as computed by
the analytical Signal method
b As Fig. 6a, but for the B component

' 2180 -120-6‘0
96 -183 -50!'

172 \

b

Table l. Apparent azimuthal wave-numbers, m, at different times, measured along the three EW-profiles (AND, MAT, VAD), (FRE, EVE, ROS,
MIE, SKO) and (GLO, RIT, KIR, MUO). ‚1 denotes the corresponding apparent azimuthal wave-length

Time A component B component
(UT)

FRE GLO AND FRE GLO

m Ä (km) m ‚1 (km) m Ä (km) m Ä (km) m Ä (km)

4:00 24.0 678 20.5 831 29.9 534 23.5 693 21.7 785
i5.8 i130 i6.5 i180 i2.9 i50 i4.1 i100 i4.7 i120

4: 10 17.9 909 10.2 1,670 25.5 626 19.5 834 22.7 751
i 11.9 i 350 i5.6 i600 i4.8 i 100 i 3.8 i100 i 8.0 _+_200

4:20 24.1 675 19.4 878 36.2 441 27.5 591 29.1 585
i9.9 i200 i1.8 -_1-80 i4.4 i80 i138 i180
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Fig. 7. This figure ShOWS the polarisation state of the pg event
analyaed, for two different timea. The elliptioity, the azimuth
angle, the main axis, and the senae of rotation are averaged over
two periods (4:00:00—4zü3z20, 4:10:00—4zl3z20). At all sta-
tions the horizontal disturbanee veotor is normalised to the
main axis so that the polarisation ellipses shown all are of the
same length. The direetion of the main axis is given eorreetly,
whereaa different elliptieities have only been indieated. The
sense of rotation ia given by the arrows. Dashed ellipses are
ambiguous

B eomponent is found and therefore this may be called the
demareation line, aeeording to the definition of Samson et a1.
[19?1). The seeond line, in the N-S direction, whieh wo would
like to eall the meridional separator line, divides two regiona in
whieh the inelination of the main axia of the ellipses with respect
to the northern direetion is positive or negative, respeetively. In
agreement with the predietion of the fieldline-reaonanee model
for a westward travelling wave (as in our Gase) in the northern
seetora Sl and S2 the rotation i5 eloekwiae (when viewed in the
direetion of the geomagnetio field), and oounterelockwise in the
southern seetora S3 and S4. The ehange of the sense of rotation
of the horizontal disturbanee veetor at the station BER between
0400 UT and 0410 UT may be explained by a drift of the pg
region, and therefore also o1" the demarcation line, to the south.
Sueh a drift i5 also indieated in F ig. Sa, as mentioned above. The
observation of an equatorward drift of the pg region is in
eontrast to the observation of Rostoker et al. (1979) who re-
ported a poleward motion.

’tl

Fig. 8. Sohematio representation of the observed polarisation
state of the pg analysed. S1 to S4 denote the different seetors.
The line WTE represents the demareation line and m i5 the
meridional separator line (for a definition of theae lines see text)
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Fig. 9. Curvea of the instantaneoua frequeney of the A (left) and
B (right) eomponent for the northernmost stations of profile 4.
The arrows indieate the beginning and end of the pulsation
event judged from the band-pass filtered magnetograms (see
Fig. 3)
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the A and B components
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Fig. 12. Schematic representation of an equivalent current system
whose periodicity in space may produce the observed temporal
variations if the system drifts (after Obertz and Raspopov 1968)

Instantaneous Frequency

Curves of the computed instantaneous frequency show, on the
average during the event, a decrease (Fig. 9). Between the start
and end points of the event, which are indicated by arrows in
Fig. 9, a linear least-squares fit to the frequency curves was
made. The distribution of the calculated frequency gradients for
A and B is given in Fig. 10. Again, as for the amplitude, the two
horizontal components show different behaviour. For the B
component we see a narrowly peaked distribution around the
value —5 10‘4 mHz/s whereas the A component shows a wide
distribution between —2 10“4 and — 10 10‘4 mHz/s. The
mean frequency gradient from both components is "5.5.10"4
mHz/s corresponding to an increase of the period of about
20 s/h, a value already found by others (e.g., Annexstad and
Wilson 1968; Green 1979). No dependence of the frequency
gradient on the location of the magnetometer station has been
observed.

System of Equivalent Current Vectors

Equivalent overhead current systems have been used before to
represent magnetic micropulsations (e.g., Jacobs and Sinno
1960; Wilson 1966; "Obertz and Raspopov 1968). For the event
analysed, at 0410 UT the equivalent current vectors‚ i.e.‚ hori-
zontal magnetic disturbance vectors rotated 90 degrees clockwise
if viewed from above, seem to show two current vortices
(F ig. 11). The one to the west is well developed while that to the
east is only suggested. The following diagrams in Fig. 11 demon-
strate the time behaviour of the equivalent currents during one
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period (100S). It appears that a system of current vortices with
the currents flowing against each other (see Fig. 12) is moving to
the west. The extent of a single current vortex is about 10° in
longitude (see Fig. 11), and the mean velocity of the whole
system is estimated from Fig. 11 to be (8.3 i2.7) km/s.

Discussion and Interpretation

The question of a drift of the pg region has already been
discussed by Eleman (1967). He states — in contrast to the
corresponding result of the present paper — that the pulsation
region remains rather fixed relative to the earth. We suppose
that the magnetometer network which he used was not as dense
as is necessary for an exact determination of the location of the
disturbance maximum. Furthermore we like to point out
Eleman’s (1967) observation that the events which he analysed
were apparent not only in Scandinavia but also at Leirvogur,
Iceland, at about 1800 km distance west of KIR, and occurred
there up to 1 h later. This may correspond to a westward drift of
the disturbance center of the order of 0.5 km/s, which is com-
parable to our present observation.

Interpreting the measured drift velocity as the azimuthal
group velocity of a pg Signal, a possible explanation for its value
may be found in terms of a drift instability like the bounce
resonance mechanism (Southwood et al. 1969; Southwood 1976).
The resonance condition for such an instability is

w—lcoD=Na)B (4)

where c0, 00D, and wB are the wave frequency, the drift frequency
and the bounce frequency, respectively, of a particle trapped in
the earth’s magnetic field, l is the magnetospheric azimuthal
wave number of the disturbance, and N is an integer.

Our results about the phase behaviour of the pg event
considered imply phase velocity towards the west and therefore
l <0 in a coordinate system in which A, the azimuthal coor-
dinate, increases towards the east. As Southwood et al. (1969)
showed for a westward travelling wave, protons with an inward-
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directed density gradient are a possible population of resonant
particles. Using the center angular frequency of the pg event
analysed, co=20 - n mHz, in (4) we get two resonance energies, a
low and a high one (Southwood et a1. 1969). For the lower
energy the disturbance frequency approximately equals the
bounce frequency of the protons, and we have for the energy,
W, of the resonant partioles WN 13 keV.

Using an expression for coD as given by Hamlin et al. (1961)
and ignoring a slight dependence of wD on the equatorial pitch
angle (see Southwood et a1. 1969), we have

2-LoW
a) z————.D

q'BO-Rä
(5)

Here L, W, and q are the MoIlwain parameter, the energy, and
the electric Charge, respectively, for the particles under con-
sideration; B0 is the equatorial geomagnetic flux density at the
earth’s surface; and RE is the earth’s radius. coD as calculated by
Hamlin et a1. (1961) involves only the gradient and the curvature
drifts. For such low energy particles as the resonant protons (see
above) the drift velocity is not governed by gradient and curva-
ture drifts alone, but we also have to take into account an E x B
drift because of the dawn-dusk magnetospheric electric field
(Schulz and Lanzerotti 1974, p. 6f). This drift is to the east on
the morning side and therefore lowers the westward drift ve-
locity as oomputed by Hamlin et al. (1961). For the angular
velocity coEx B that is related to the E >< B drift it follows

E L2
dwExB—BO RE [ra /s] <6)

with E denoting the magnitude of the dawn-dusk field. A typical
value is Er\45_10‘4 V/m (Brice 1967). With L=6.6 (this corre-
sponds, e.g., to the L value of MAT) and putting wTOT=coD
+wExB‚ where wTOT is now the drift velocity of a trapped
particle because of gradient and curvature drifts as well as the E
x B drift. From (5) and (6) and putting in the above values we
get CÜTOTN —2.6.10‘5 rad/s which agrees roughly with the
measured apparent angular velocity, mA: —6.8 10’5 rad/s. On
the other hand, now putting wTOTNwA, we may estimate in the
same way the dawn-dusk field to have been 3.1 - 10‘4 V/m.

Therefore, starting from the resonace condition (4) one finds
a clear relation between the observed drift velocity of the
disturbance oenter in the A oomponent and the drift of the
trapped protons if not only gradient and curvature drifts are
considered but an ExB drift is also taken into acoount. The
idea that the observed signal moves with the same velocity as
the resonant particles may also explain the regularity and large
amplitudes of pgs because then the disturbance has time to build
up.

No good explanation can be given for the different drift
behaviour of the B component. We suggest that some unknown
influence of the ionosphere on a magnetospheric pulsation sig—
nal might be a reason for that difference. How the relative
motion of the pulsation source against the ionosphere is of
importance still has to be investigated.

The period drift of a giant pulsation (see Fig. 9) may also be
discussed in terms of the bounce resonance mechanism. We
propose that a change of the resonance condition (4) is re-
sponsible for the period change as is probably the case for
lPDPs (Intervals of Pulsations with Diminishing Periods, see
review by Jacobs 1970). IPDPs are believed to be oaused by ion
Cyclotron instabilities, and a change of the resonance condition

is caused, for example, by an inward convection of the resonat-
ing protons which results in an increase of the particle gyration
frequency (Heacock et al. 1976).

A bounce resonance between protons and a magnetic distur—
bance results in a radial diffusion of the resonant particles. As
Dungey (1964) showed, a meridional magnetic field disturbance,
bN, results in a zig-zag motion of the bouneing partieles (see
Dungey’s Fig. 1), and the particles experience a change of their L
value with time (Dungey, 1964),

bN' Ü” ' C083 Q 'L3

BoRE

L: (7)

where v“ is the particle’s velocity parallel to the ambient field
and 8 is the colatitude of the particle’s gyration center. As
Southwood et a1. (1969) showed for a westward travelling wave,
as observed in our case, there must be an inward—directed
gradient of the proton density for the instability to arise. This
means that L has to increase during the event because the
protons cannot diffuse against the density gradient. With bN
= 10 nT and an equatorial pitch angle of, for example, 80° one
finds for 13 keV protons (such protons have a bounce period of
about 100 s, see above): Lz4-10‘3 s‘l. This corresponds to a
frequency decrease of öfN4-10‘2 mHz/s, a value which is
much larger than the observed one. A more refined discussion of
the diffusion described and a consideration of non-linear effects
may result in better coincidence of theoretical and observed
values. In agreement with Green (1979), who suggested that a
radial motion of the source region might be the cause of the
frequency change, we propose that radial diffusion of the re-
sonant particle distribution might be the reason for such a radial
motion and a possible explanation of the observed period drift.

The results of the polarisation analysis in the present paper
(compare Fig. 8) and the earlier works of Hillebrand (1976) and
Green (1979) show that the fieldline resonance theory as de-
scribed by Southwood (1974) and Chen and Hasegawa (1974) is
strietly not applicable to pgs because at the resonance region
they show linear polarisation in the direction of the B com-
ponent and not in that of the A component as predicted by the
theory (Southwood 1974; Walker et al. 1979) and as observed,
for example, for pc 4—5 pulsations (Green 1978). The fieldline-
resonance model also does not predict the existence of the
meridional separator line. In agreement with Rostoker et al.
(1979) we believe the observation that the disturbance is largest
in the B component and is strongly localised in space (Fig. 5a, b)
to be best desoribed by the guided poloidal mode (Orr and
Matthew 1971; Radoski 1967). However, as Chen and Ha-
segawa (1974) pointed out, this mode does not have a resonant
coupling with, for example, a surfaoe wave at the magnetopause.
This also shows the restricted applicability of the fieldline reso-
nance theory. Only the sense of rotation of the horizontal
disturbance vector on both sides of the demaroation line is as
predicted by the model. For a westward travelling wave we find
clockwise rotation north of the resonance and counterclockwise
rotation south of it (Southwood 1974; Fig.8 of the present
paper).

There is another possible mode in the magnetospheric
plasma having fieldline-resonance-like behaviour (Southwood
1977). For the ring-current plasma, Southwood showed the
existence of a compressional mode which is strongly localised.
The disturbance vector of this mode is mainly in the meridional
direction if phase propagation occurs in E-W direction. Con-
sidering the ionospheric rotation of a magnetospheric Signal as
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described by Inoue (1973) and Hughes (1974), the observed
larger amplitudes of the B component as compared t0 the A
component, combined with a purely westward phase propaga-
tion, and the strong localisation in space are in agreement with
the properties of the Southwood mode. The strong localisation
of this mode is an effect of the magnetic and pressure changes
being in counterphase. Just this anticorrelation was found obser-
vationally by Hughes et al. (1979) for pg—like disturbances seen
by ATS 6.

The strong localisation in E-W direction is of some impor-
tance for statistical studies of pgs. For example, an analysis of
the occurrence of pgs and of the distribution of the pulsation
period should not be done in relation to local time of a
magnetometer station (Harang 1936; Green 1979) but in relation
to local time of the pg center. To find this center a dense
magnetometer array is necessary. The localisation may also
explain the different results of Annexstad and Wilson (1968) and
Green (1979) concerning conjugate behaviour. While the events
that Green (1979) analysed were of small amplitude and showed
odd-mode characteristics, Annexstad and Wilson (1968) re-
ported on pgs with amplitudes up to 40 nT as seen also for the
event reported in this paper, and even-mode characteristics.
Therefore the present author believes that Green (1979) mea-
sured the conjugage behaviour somewhere in the periphery of
the pg region where properties may be different from those in
the center region.

In recent years apparent azimuthal wave numbers have been
derived from observations by several workers (Green 1976;
Olson and Rostoker 1978; Mier-Jedrzejowicz and Southwood
1979). From a study of a large number of pc 4—5 pulsation
events Olson and Rostoker (1978) derived the following relation
between the apparent azimuthal wave number, m, and the
frequency, f, of a pulsation event: m=(1.4 i0.4) . f+ 0.26, where f
is measured in mHz. The apparent azimuthal wave numbers as
measured for the present event (see Table 1) are in accord with
the above-mentioned relation which shows that there is no
significant difference between the wave numbers of normal pc 4—
5 pulsations and the giant pulsation analysed in this paper. A
corresponding result was found recently by Rostoker et al.
(1979) using observations of four pg events.

Concerning the meaning of apparent azimuthal wave num-
bers, Green (1976) believes them to give us information about
magnetospheric properties of a pulsation event. An apparent
azimuthal wave number, mw20 for example, corresponds to an
apparent horizontal phase velocity on the ground vphw8 km/s,
at auroral latitudes. Phase velocities of the same order of
magnitude have also been derived theoretieally for phase propa-
gation in the ionosphere, perpendicular to the earth’s magnetic
field, of waves in the extraordinary mode, for example (Prince
and Bostick 1964). As Hughes (1974) showed, the behaviour of a
magnetic disturbance in the atmosphere is quasi-static and the
phases on the ground are a direct image of the phases in the
ionosphere. We therefore suppose apparent azimuthal wave
numbers, as measured in the present work, and associated
apparent horizontal phase velocities to be controlled by iono-
spheric rather than by magnetospheric conditions.

Equivalent current systems (Fig. 11) have earlier been used
by Obertz and Raspopov (1968) to explain, for example, the
phase differences in the N-S component of pc 5 pulsations on an
N-S profile. From Fig. 11 we see that the equivalent currents of
the pg analysed may be interpreted as a system of moving
current vortices as proposed by Obertz and Raspopov (1968)
(see Fig. 12). If the periodic change of the disturbance vectors in
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time is explained by a moving periodic structure in space then,
for a period of 100 s and a longitudinal extent of a single current
vortex of about 10° (see above), one arrives at a velocity of
8km/s for the motion of the periodic current system. The
measured velocity is (8.3 i2.7) km/s.

A system of current vortices as shown in Fig. 12 may be
generated by moving field-aligned currents. As Fukushima
(1976) shows in an ionosphere with laterally homogeneous elec-
tric conductivity, the equivalent ionospheric currents of an in-
cident field-aligned current and the Pedersen current cancel each
other in their magnetic effect at ground, so that one only
measures the curl-like Hall currents at the earth’s surface.
Whether such moving field aligned currents periodically incom-
ing or outflowing in E-W direction, are realistic needs more
investigation by means of magnetospheric and ionospheric
measurements. However, there is still one argument which re-
stricts the applicability of a current model as proposed by
Obertz and Raspopov (1968) to pgs: From Fig. 3 we know that
the event lasted about 30 periods in time which means a
longitudinal extent of the whole current system of about 300°.
This seems to be in contrast to the observed localisation.

Conclusions

One of the main results of the present paper is the observation
of a westward drift of the disturbance center in the A com-
ponent. This observation is in contrast to the work of Eleman
(1967) and shows the advantage of a dense two-dimensional
magnetometer array in pulsation studies.

The evidence for a bounce-resonance instability as a possible
mechanism for explaining the drift and also the measured in-
crease in period is suggestive but not categorial. For further
decision one needs more information about the magnetospheric
plasma distribution during a pg event. To clarify the result that
the drift velocity of the disturbance center in the A component
agrees roughly with the drift velocity of the resonant protons,
one needs a more thorough analysis of the dynamical behaviour
of the proposed instability, as has been done in the case of the
ion-cyclotron instability by Jacobs and Watanabe (1966) to see
whether it is a convective or a non—convective one.

As Southwood et al. (1969) pointed out, a bounce resonance,
for example, requires an even-mode oscillation of the fieldline
and therefore the conjugate behaviour of giant pulsations is of
some interest. Because of the different results of Green’s (1979)
and Annexstad and Wilson’s (1968) analysis of conjugate be—
haviour of pgs this question must be treated again with magne-
tometer stations Showing better conjugacy and lying under or
very close to the pulsation center and not somewhere at the
periphery of the pg region.

The observation of a moving pulsation region may be of
some interest regarding the question of the influence of the
ionosphere on a magnetospheric Signal. The motion of the
magnetospheric radiation source relative to the ionosphere may
explain the different behaviour of the two horizontal com-
ponents. In future analyses a separation of both the drifting and
stationary parts of the observed Signal should be studied to get
more insight into the dynamical properties of the pulsation
center.

Localised compressional waves in the ring current region as
described by Southwood (1977) show some features observed
with the present pg event, namely the strong localisation and the
predominance of the B component at the resonance region.



|00000143||

More information about the Spatial polarisation Characteristics
of this mode is needed for a detailed comparison. For example,
it would be interesting to know about the existence of a me-
ridional separator line within this mode as was observed in the
polarisation pattern of the present event (Figs. 7 and 8).
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Palaeomagnetic Secula'r Variation Curves Extending Back to
13,400 years B.P. Recorded by Sediments Deposited in Lac de Joux, Switzerland
Comparison with U.K. Records
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Abstract. Palaeosecular variation records have been obtained from
three cores from Lac de Joux, Switzerland (46°37’N, 6°16’ E)
on which a parallel biostratigraphy has been constructed. All three
cores show a well developed Late-glacial sequence which extends
to beyond 13,400 years B.P. and the recorded palaeomagnetic
declination and inclination variations can be correlated between
these cores. The longer core (no. 3) also shows a well developed
Post-glacial sequence and the declination and inclination records
can be correlated in detail with the independently dated United
Kingdom records which extend back to about 10,000 years B.P.
Ages along Lac de Joux core 3, obtained by palaeomagnetic corre-
lation with U.K. cores, are compared with ages based on the
local palynology and thus a timescale has been attached t0 the
Lac de Joux record back to beyond 13,400 years B.P. during
which time there is no evidence of any geomagnetic excursion
or short event.

Key words: European geomagnetic secular variation — Lake sedi-
ments — Palaeomagnetism — Palynology.

1. Introduction

In the summer of 1975 several lakes in the region of the Alps
were cored as part of a research project to investigate the behaviour
of the geomagnetic field through the Holocene. The field work
was carried out by a team from the Department of Geophysics,
University of Edinburgh, and from the Department of Mineralogy,
University of Geneva. This paper deals with results obtained from
Lac de Joux.

Lac de Joux is situated just t0 the north of Lake Geneva
at an altitude of 1,014 m and lies between latitudes of 46°41’N
and 46°38’N and longitudes 6°17’E and 6°20’E. A map of the
lake, which has only two small rivers flowing into it, is shown
in Fig. 1. Four cores were taken using a pneumatically controlled
Mackereth eorer (Mackereth 1958). The bottom sediments were
very hard and the longest core (n0. 3) was 5.5 m long but the
average length was only 4 m due t0 the hardness of the sediment
penetrated.

Lac de Joux LePont

u core si1’e

4m L'A bbaye

2km

Fig. l. Sketch map of Lac de Joux (46.6O N, 6.3° E) Showing coring
sites. Contours show water depths in the lake

The cores were transported to Edinburgh for study. They were
split in half lengthwise and samples were withdrawn for palaeo-
magnetic study in square shaped polystyrene boxes of side l7 mm,
at about 20m intervals, from one of the halves of each core.
The other halves were sent t0 Geneva for palynological study.

2. Pollen Studies

Pollen analyses were carried out in the limnogeological laboratory
of the University of Geneva and supported financially by the

O340-062X/80/Ol39/50180
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‘Fonds national de la Recherche seientifique’ (Switzerland). Labo-
ratory treatment followed the reeommendation of Faegri and Iver-
sen (1964). One em?’ of fresh sediment was treated with eonoentrat-
ed HCl and 40% HF and an aoetolysis was performed on the
Post-glaeial sediments with rieh organie eontent. In COre 110.3,
the sediments analysed oonsisted of elay up to 450 cm, of elay
and ealeaereous mud up to 325 orn and of banded lime in the
upper part of the oore whieh, in total, was 550 cm long. The
results are presented (Fig. 2) in the form of eonventional relative
pollen diagrams in whioh the total pollen arboreal (AP) plus non-
arboreal (NAP)= 100%. Cyperaoeae, spores, and other mierofos»
sils have been exeluded frorn the NAP and expressed as pereent-
ages of the pollen sum.

2.]. Laaal Biaaaaa Descriptz‘aas (Fig. 2)

J'ai/1.x}: Harbs Zone, 550—445 cm. The relative AP values are very
Iow: less than 30% of the pollen sum. Among the herbs the
dominating taxa are Gramineae, Artemisia, Chenopodiaceae, He—
liaathamam, Thalictram, and Plantago alpina. Shrubs are also pre-
sent with Ephadra, Salix and J-aniparus, eaeh being less than 5%.

J’aax 2a." Janiparas Zone, Jam'pems Sao-20:26, 445—405 cm. The
AP values are still low and are represented as in Joux l by pine
(20%) and bireh (5%). Juniparus dominates all the other taxa
with high values: between 33 and 74%. A few Hippophaä rham-
naides are also present.

Jaax 2b: Jumperas Zarte, Juniper-Herbs Sah-zarte, 405—385 cm.
Juniper values are lowered to less than 50% and there is a sudden
inorease of steppie elements suoh as Artemz’sz‘a and Chenopodia-
eeae.

Jaax 2e: Juniper-a5 Zone, Jumper-Pina Sub-zane, 385—355 cm. Juni-
per first and then pine inorease again. The AP values are muoh
higher, up to 310% of the total pollen sum.

Jaaxj’: Pine-Harbs Zone, 355—325 cm. The sudden relative in-
erease of pine (to 50%) is depressed by the rising values of the
herbs: Gramineae, Artemisz'a, Chenopodiaeeae, Helianzhemum

thaiictrum, and Plantago alpina. In the level 340 am many spores
of fungi were found.

Jaax 4: Pine-Bi'reh Zone, 325—315 cm. All the herbs are depressed
to values of less than 5%. Bireh and pine (80%) are the main
oomponents of the AP eurve.

Joax 5 .' Oak-Haael-Elm Zarte, 315—215em. The thermophilous
trees appear suddenly and are dominated by oak. Pine deoreases
to less than 10%.

Jaax 6: Fir-Sprace Zone, 215—175 cm. Spruoe present in the former
biozone inoreases gently but fir dominates while oak and elm
register a eorresponding deeline. Low peroentages of beeoh (1%—
3%) are present.

Joux 7: Sprace-Fir-Beaeh Zone, 175—55 cm. Fir deereases while
spruee and beeoh are the dominating speeies. Among the eornpo-
nents of the Quercatum mixtam only oak and hazel are important.

Jo-ux 8: Spruae-Oak-Herbs Zone, 55—5 am. The total AP shows
a decline while herbs and juniper inerease to 40%. In this biozone
oonsistent amounts of eommon walnut, hornbeams, ehestnut, and
eerealia are present.

2.2. Discussion

Aeeording to Wegmüller (1966) the pollen stratigraphyr throughout
the southeastern part of the Jura mountains starts with a Late
Würmian herbs zone (Fig. 3). lt is followed by a shrubs zone
dominated by Janiperas with some Hippaphaä rhamaoidas present.
It suggests a treeless landseape although some immigrating and
isolated birehes Inight have been present olose to the area investi-
gated.

Later on, about 12,300 years B.P., park-forest invaded the
Jura and this is elearly indieated by the biroh zone. Biroh was
then replaced by pine and it is in the sediments bearing pine
pollen assemblage that ashes emitted by the Laaoher Voleano
are found; it is dated at 10.980 years B.P. (Wegmüller and Welten
1973).

’c»v
C?

04‘
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(fit 6° q.“.‘0
3005:0459‚(Q
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‘ . . BlO - CHRONO-
10 10 0% ZONES
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Bir‘Ch

< Pine —
i Herbs Dryosm

P'"e Alleröd

Biroh DryosIl

Juniper Bölling

“er“ DFVÜS I Fig. 3. Sehematie diagram for the Late-glaeial
- ——— Bireh +++ „Juniper _._.—. Thermophilous trees biostratigraphy in the Jura mountains
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At about 10,800 years B.P., herbs increase at the expense of
pine and this is interpreted as a climatic deterioration during
youngest Dryas (DR III). The Late Würmian/Early Flandrian
transition can be distinguished by the re-advance of pine and birch
forest and the appearance of thermophilous trees.

The schematic pollen diagram in Fig. 3 is based on the results
of Wegmüller (1966) from the Cruilles bog (1,035 m) situated
alongside Lac de Joux and on the pollen investigations of Matthey
(1971) in the eentral part of the Juras. When the Würmian Late-
glacial sequence of Lac de Joux is compared with Fig. 3 it
is clear that both birch and pine zones, ascribed classically to
the Older-Dryas-Alleröd complex, are missing in the Lac de Joux
core 4.

There is also a hiatus in the biostratigraphy at around 330 cm
marked by a very short flip in the pine curve and the sudden
appearance of the thermophilous pollen. This may be linked to
the rather complicated process of ice retreat in the Joux valley
as described by Aubert (1937). This gap in the sedimentation
possibly represents a time span of about 1,000 years.

The Post-glacial vegetational development in the Joux valley
described above is in agreement with the results of Wegmüller
(1966). After a short appearance of the mixed oak forest close
to the site, spruce and fir developed around the lake. Land clear-
ance partly destroyed the natural forest (from 75 cm upwards)
and this can be dated to the Bronze Age. The progressive thinning
of the forest is marked by the relative inerease of both herbs
and juniper pollen and the abundance of Cerealia pollen.

3. Palaeomagnetic Results

3 .1 Methoa’

Natural remanent magnetizations (NRM) were measured with a
Digico fluxgate magnetometer (Molyneux 1971) and susceptibili-
ties were measured with a Digieo bridge. First, pilot samples were
progressively demagnetized in alternating magnetic fields (Creer
1958, 1959). Demagnetization Charaeteristics are illustrated for
four typical samples in Fig. 4 which shows that a weak viscous
component was removed during the first two demagnetization
steps of 30 and 60 Oe. The directions of RM of all pilot samples
showed very little change on cleaning in alternating fields of up
to 700 Oe (peak) and the median destructive field was typically
between 400 and 450 Oe. The viscous component could alternative-
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ly be removed by storage in zero field for several months, and
this procedure was adopted before measuring the NRM of the
samples withdrawn from the cores.

3.2. Susceptibility and NRM Intensities
Along Core N0. 3

The palaeomagnetic logs are shown in Fig. 5. We discuss first
the intensity and susceptibility logs. Susceptibility shows an overall
eorrelation with the colour of the mud. Lowest values (< 5 nG/Oe)
are encountered in a white Post-glacial mud between 2m and
3 rn depth most of which has been placed in the Joux 5 pollen
zone (Sect. 2) Susceptibilities lie mainly in the range 5—10 nG/Oe
and attain maximum values in the Joux4 pollen zone part of
the brown mud, i.e., at the base of the Post-glacial. The lower
part of this brown mud unit is Late-glacial (Joux 3 pollen zone).
There is a sharp discontinuity in susceptibility and an even greater
one in intensity at the Post-glacial/Late-glacial boundary (Joux 4/
JouX 3).

The shapes of the intensity and susceptibility logs are similar
through the eream Late-glacial clay where the Q-ratios (intensity/
susceptibility) are low, of the order of unity, but through the
Post-glacial sediments where the Q-ratios are high, the shapes
of the logs are quite different. In fact, in the banded lime of
the Joux 5 pollen zone, Q-ratios attain values of 20—50 suggesting
that the magnetic fraction of the detrital grains must have been
rather more efficiently aligned than in most lake sediments we
have previously studied.

3.3. Directional Variations Along Core N0. 3

The declination log recovered from the Post-glacial sediments
show several oscillations of about 15° amplitude. In the Late—
glacial sediments the oscillations are of larger amplitude and are
systematically displaeed to the east relative to the Post-glacial
ones.

The inclination log, below about 160 cm depth is characterized
by four pronounced features, rounded on the high inclination
sides with cusps on the low inclination sides. The top part of
the inclination log shows less regular variations. In particular,
low values between about 90 and 105 cm in the middle of feature
3, separating it into two smaller maxima, labelled 81 and 83, are
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aceompanied by low intensities of NRM. One possible explanation
is that the sediments at this level have been physically disturbed
eausing partial disorientation of the magnetio grains since corre-
sponding susceptibility values are similar to those measured just
above and below. However, the declinations accompanying the
scattered low inolinations are not themselves particularly scattered
as they should be if the sediment had in faet been disturbed
so that the band of low inclinations recorded in the sediment
could possibly reflect low geomagnetic inclinations.

Both logs can be correlated well with United Kingdom (U.K.)
palaeomagnetic declination and inclination logs from Lake Win-
dermere (Mackereth 1971; Creer et a1. 1972; Thompson and
Turner 1979) and with similar, though shorter logs from Poland
(Creer et a1. 1979). The labels attached to the logs (Fig. 5) illustrate
this correlation: the declination labels are the same as previously
used for the U.K. logs (Creer et a1. 1976b, 1979), and the inclina-
tion labels are the same as used for the U.K. logs (Thompson
and Turner 1979) and for the Polish logs (Creer et a1. 1979). The
Lac de Joux record from core 3 extends the European secular
variation records by some 3,500 years into the Late-glacial.

3.4. Resulls from Core N0. 4

Palynological studies on the samples taken along this rather short
core (3.25 m) showed the Late-glacial/Post-glacial boundary to
be at 1.5 m depth. The Late-glaoial unit consisted of cream clay
and carbonate. The Post—glacial deposits consisted of pale grey
Clay with some varve like stratifications, with carbonate above
1.25 m. The uppermost 12 cm consisted of brown clay carbonate
with organic matter.

The palaeomagnetic logs are shown in Fig. 6. The top of the
Late-glacial unit is marked by a sharp increase in intensity and
by a marked increase in Q-ratio as in core no. 3.

Turning now to the directional logs, starting from the Post-
glacial/Late-glacial boundary as marker horizon we ean identify
in core 4 (Fig. 6) declination features H—N and inclination features
v—n which were seen in the logs from core 3. Directions are only
poorly reeorded in the Post-glacial unit which seems to be rather
thin and disturbed at this coring site.

3.5. Results from Core N0. 2

Palynological study of seven samples from this 3.3 m long core
show that it consists of a very well developed Late-glacial sequence
of cream carbonate and clay overlain by a very short (27 cm)
Post-glacial unit consisting of light yellow carbonate-clay, yellow-
banded lime and brown clay-carbonate with organic matter.

The declination and inclination records carried by core 2
(Fig. 7) are not so well defined as for cores 3 and 4, particularly
so between about 50 and 120 cm depth. Even so, a correlation
can be made with cores 3 and 4 and we conclude that core 2
has penetrated into slightly older Late-glacial clay than either
of the other two cores, additional features P (declination) and
a (inclination) being observed.

4. Comparison of Swiss and U.K. Records

Second generation lake sediment records from U.K. (Thompson
and Turner 1979) show finer detail than the original records from
Lake Windermere (Mackereth 197l ; Creer et al. 1972). They have
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been dated by radiocarbon and have thus been shown t0 extend
back for 10 millenia (Lake Windermere, NE England) and for
7 millenia (Loch Lomond, Scotland and Lake Geirionydd, Wales).
Practical use of palaeomagnetic declination and inclination varia-
tion curves for regional age correlation is limited by variations
in amplitude and detail of shape of the individual features as
recorded from place t0 place caused by the somewhat imperfect
natural magnetic recording process and by spacial variations in
the temporal behaviour of the geomagnetic field. Thus we should
not necessarily expect to find such good correlation between the
Lac de Joux and the U.K. lakes as is observed between the U.K.
lakes themselves.

We now compare the Lac de Joux record from core 3 with
the record from a Lake Windermere core supplied by Dr. Turner.
As noted in Sect. 3.3, most of the features shown by the Lake
Windermere records can be identified in the Lac de Joux records.
T0 illustrate the correlation better, the Lac de Joux and Lake
Windermere inclination and declination records have been plotted
against time rather than sediment depth in Fig. 8a and b respec-
tively in which the time scale is based on the ages determined
by Turner (1979) for the U.K. inclination features. This assumes
that the geomagnetic variations occurred synchronously in the
U.K. and Switzerland. In this respect, we note that westward
drift at the historically observed rate of about 0.2 Oe/yr would

144

cause a phase lag between Switzerland and U.K. of only about
30 years which is negligible compared with the precision of abso-
lute dating.

We now compare these ‘magnetic’ ages, obtained for Lac de
Joux core 3, with the independent set of ages based on the observed
depths and published dates of biozone boundaries for the Joux
Valley. The latter are illustrated in Fig. 9 by a time-depth plot
consisting of five straight line portions, together with a dashed
line taking account of the suspected hiatus of about 1,000 years
at 330 cm depth (Sect. 2.2).

We note that there is some discrepancy between ‘magnetic’
and ‘pollen’ ages through the upper 2 m of core comprising the
Joux 6, 7, and 8 biozones. While the ‘magnetic’ ages of the declina-
tion and inclination features indicate a steady rate of deposition
of about 0.39 mm/yr throughout the whole of the last 5,500 years,
the ages of 2,500 years B.P. attached t0 the Joux 7/8 biozone
boundary implies a more rapid depositon rate of about 0.53 mm/yr
through the Joux 6 and 7 biozones and a slower rate of about
0.22 mm/yr through the Joux 8 biozone. The ages of the younger
declination (A and B) and inclination (oc, ß, y and ö) features are
eontrolled by observatory or archaeological data and therefore
are more secure than the ages of the older features which are
controlled by radiocarbon and are hence, in the case of lake sedi-
ments, subject t0 systematic error. However, contamination by
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‘old’ earbon makes radiocarbon ages of lake sediments too 01d
whereas, in this particular case, the ‘magnetic’ ages are younger
than those indicated by the palynologically deduced time-depth
eurve. Thus it is difficult to aecount for the age discrepancy by
errors in the ‘magnetic’ ages.

Turning now t0 sediments of the Joux 5 biozone, it appears
that the ‘magnetie’ ages of the declination (F, G, H, and 1) and
inclination (K, Ä, 11 and v) features appear consistent with the

existence of the suggested hiatus at 330 cm (Sect. 2.2), since their
representative points fall within the shaded triangle bounded by
the upper line which supposes a 1,000 years hiatus and the lower
line which supposes n0 hiatus.

The dated U.K. palaeomagnetie declination and inclination
curves only extend back t0 10,000 years B.P. so we cannot use
the depths at which the older declination features (K—P) and incli-
nation features (6, 7: and p) oeeur as an independent check of the date
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Table 1. Ages (in conventional radiocarbon years) of Late-glacial declina-
tion and inclination features

Feature label
Assigned age

Declination Inclination (year B.P.)

J 1 1,400
K 12,250

f 12,400
L 12,600
M 13,000

n 13,250
p 14,200

N 14,250
P 14,500

Dates younger than 13,400 year B.P. assume steady deposition rate
through J oux 1, 2 and 3 biozones. Older dates obtained by extrapolating
this rate back in time

of 13,400 years B.P. for the Joux 1/2 biozone boundary (Sect. 2.2).
Rather we use the biochronological time—depth curve to assign
provisional dates to the declination and inclination features as
shown in Table 1. If we extrapolate the average deposition rate
of 0.39 mm/yr between 10,300 and 13,400 years B.P. for which
we have biostratigraphic control back to the bottom of the core
we date the bottom of the core at some 15,500 years B.P.

5. The Late—Glacial Record

The Late-glacial inclination records from Lac de Joux show two
features ä and p dated at 12,400 and 14,200 years B.P. respectively
where values as low as 40° are reached. However, we note that
no negative inclinations are encountered: there is no suggestion
of a short lived geomagnetic reversal (excursion) as has been re-
ported to be recorded by Late-glacial sediments from Sweden
(Mörner et al. 1971) and from Lake Erie, N. America (Creer et al.
1976a). The former, or so-called Gothenberg excursion, dated
by Mörner at 12,350 years B.P. has been attributed to a slumping
of the sediment in the stratigraphic level corresponding to the
Fjard interstadial by Thompson and Berglund (1976). Sinoe the
latter (Erieau) excursion is not seen in nearby records from Lake
Michigan (Creer et a1. 1976 b), its reality as a geomagnetic excur-
sion is highly doubtful.

6. Conclusions

The pattern of secular variations in geomagnetic direction recorded
by sediments deposited in Lac de Joux shows a remarkable similar—
ity to the pattern recorded by U.K. lake sediments through Post-
glacial time. The Lac de Joux sediments are highly stable to alter—
nating field demagnetization and it is probable that the main
source of error of the palaeomagnetic logs arises from imperfec-
tions in the magnetic recording mechanism rather than remagneti-
zation by geomagnetic fields after acquisition of the primary
remanence. Physical disturbance of the sediment due to natural
causes such as slumping or due to the coring process has spoilt
the palaeomagnetic record at some levels: for example the inclina-
tion record in core 3 at about 1 m depth and the top metre or
so of cores 2 and 4.
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The estimated duration of the minor features of the declination
and inclination logs which can be correlated between Switzerland
and U.K. is a few hundred years (Fig. 9) and this places an upper
limit on the duration of the magnetization process which is thought
to be post-depositional.

The largest uncertainty in defining logs of variations in palaeo-
magnetic directions is in the independent dating control. Radio-
carbon dates can be up to several thousand years too old
(Mackereth 1971; Creer et a1. 1979), so that dating a core to a
precision of a few hundred years, the duration of the briefest
palaeomagnetic features, is not generally possible. This means
that it is not possible to deduce whether there is a phase lag
between the U.K. and Swiss based records as one would expect
if the field had been systematically drifting to the west throughout
Post-glacial time as through the last few centuries: the phase lag
expected over the 6° longitude difference would amount only to
about 30 years assuming a drift rate of 0.2°/yr. The discrepancy
between the magnetic ages of declination features A—E and inclina-
tion features oc—z with the time-depth curve based on the biostratig-
raphy (Fig. 9) is more likely due to errors in radiocarbon dating
than to a phase difference between the geomagnetic field variations
at the respective sites.
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Abstract. The anhysteretic remanent magnetization (ARM) and
hysteresis parameters of synthetic, small, multidomain particles
(0.2—0.4 u) of Fe3O4, dispersed at various concentrations in a
non magnetic matrix (packing factors p=0.01—O.3), have been
measured. The coercive force Hc is weakly dependent on p. At
higher concentrations the shape of the sample has a strong influ-
ence on the magnetization. There appears to be an additional
concentration dependence of the ARM. However, the indepen-
dence of partial ARMS also holds for larger p.

Key words: Rock magnetism — Small particles — Anhysteretic re-
manent magnetization — Fe304.

Introduction

In recent years, in rock magnetism, a series of studies have been
devoted to the problem of determining the palaeointensity of the
geomagnetic field from the magnitude of the natura] remanent
magnetization (NRM) of rocks. In the models and methods used
for this purpose it is suggested that the NRM is a thermore-
manent magnetization (TRM). In order to determine palaeoin-
tensities, the method proposed by Thellier and Thellier (1959),
or one based on it with minor or major modifications, is generally
applied. For this procedure the samples are given a TRM in
the laboratory, i.e., they have to be heated, so chemical alteration
might occur.

For some years investigations of palaeointensity have been
performed with the aim of replacing the laboratory TRM by the
anhysteretic remanent magnetization (ARM). In order to produce
an ARM, a sample is subjected to the combined action of a
small, steady (D.C.) and an alternating (A.F.) magnetic field. The
A.F. field initially saturates the sample during each cycle and
decreases slowly to zero, with the D.C. field remaining constant.
The resulting magnetization is called anhysteretic magnetization
(AM). After reducing the D.C. field to zero the remanence is
the ARM. Both the TRM and the ARM represent some kind
of magnetic equilibrium state, although the two states may not
be the same. This similarity, which may apply preferentially to
single-domain particles (SDP), helps explain why both remanences
show some similar properties: (1) Similar stability against A.F.
demagnetization (Rimbert 1959; Levi and Merrill 1976): (2) Both
are linearly proportional to a weak, inducing magnetic field (Rim-
bert 1959): (3) The addition law is valid for partial ARM and
TRM (Patton and Fitch 1962; Dunlop and West 1969). On the
other hand, there is a major difference between the states: the
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TRM arises predominantly at high temperatures whereas the
ARM is usually produced at room temperature (Dunlop et al.
1975)

Up to 1969, the AM and the ARM were explained, in particular
for SDP, in terms of static models including magnetostatic interac-
tion between grains in the specimens (review by Wohlfarth 1964;
Kneller 1968). Jaep (1969, 1971) introduced a kinetic analysis
for the ARM of SDP based on the concept of fluctuation phenom-
ena, as developed by Neel (1949). In this model the analogy be-
tween ARM and TRM becomes clear and, the attempt to replace
TRM by ARM measurements is justified in principle. In this
picture the initial anhysteretic susceptibility, XAM= lim dIAM/dH

. . . -.->0(IAM=anhysteretlc magnetlzanon, H= steady magnetic field), re-
mains finite even for highly diluted SDP, contrary to the old
models. Using Jaep’s results, Banerjee and Mellema (1974) derived
formulae for the ratio ARM/TRM of SDP, including interactions
between particles. Shcherbakov and Shcherbakova (1977) pre-
sented similar formulae. Kneller and Köster (1977) investigated
the relation of XAM to the static magnetic parameters of SDP.
For the ARM of multidomain particles (MDP), a microscopic
theory like that developed for SDP is still missing. In this case
the magnetization process is complicated by the presence of do-
main walls, whose motion is determined by factors such as lattice
imperfections (e.g., stacking faults) and surface irregularities. A
phenomenological theory of ARM was given by Gillingham and
Stacey (1971).

In many rocks, the magnetization is carried by magnetic grains
consisting of Fe304 or spinels which are close to Fe3O4 in compo-
sition. The Fe3O4 grains in rocks are frequently above single-
domain (SD) size (300 Ä—500 Ä, Morrish and Yu 1955; Dunlop
1973; Butler and Banerjee 1975) and below multidomain (MD)
size ( <20 u, Stacey 1963; Parry 1965. These grains are small MDP
which show neither pure SD nor pure MD behaviour. In rock
magnetism they are sometimes called pseudo-SDP. These grains
can occur in quite high concentrations in oxidized titanomagnetite
intergrowths (Evans and Wayman 1974; Davis and Evans 1976).

We have investigated the ARM and hysteresis properties of
synthetic equidimensional Fe3O4 grains in the grain size range
O.2—0.4 u, in relation to their concentration in specimens with
volume fractions (packing factors) p=0.01—0.30.

The ARM of small Fe304 MDP in low concentrations has
been investigated in the past by Rimbert (1959), Patton and Fitch
(1962), Gillingham and Stacey (197l) and Johnson et a1. (1975)
The last mentioned authors found no difference between the de-
magnetization properties of the ARM carried by dispersed SDP
and small MDP. Levi and Merrill (1976, 1978), in their study
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of ARM and TRM characteristics of small Fe3O4 grains, gave
curves of the ratio ARM/TRM with varying grain size. Their
Fe3O4 grains, in the small MD size range were diluted to less
than lwt.%, in a non-magnetic A1203 matrix. Sugiura (1979)
investigated the concentration dependence of ARM in small Fe3O4
MDP with packing factors p=3'10'6—2'10‘2. He had a mixture
of SDP and small MDP in his samples. Surprisingly he found
a marked concentration dependence of the ARM even for these
high dilutions.

Sample Characterisation

The theoretical domain wall thickness in bulk Fe3O4 is approxi-
mately 0.15 u (Morrish and Yu 1955; Butler and Banerjee 1975).
Therefore Fe304 grains in the size range of 0.2—0.4 u contain
only one or a few domain walls. This and surface effects prevent
the development of MD characteristics. In a detailed model one
has to consider furthermore whether the grains are equidimension-
a1, of predominantly cubic or spherical form, or irregularly shaped.
In all three cases the thiokness, the number and the structure
of the domain walls may be different.

The magnetic structure of such two- or more-domain particles,
shaped as parallelepipeds or spheres, has been investigated theo-
retically by Amar (1957, 1958 a, b) and Stapper (1969), respectively.
For Fe304 grains, Morrish and Yu (1965), Stacey (1963), Dun-
lop (1973), Stacey and Banerjee (1974) and Butler and Baner-
jee (1975) have estimated the size for the transition from SDP
to MDP and the possible structure of small MDP. In the last
mentioned two papers the authors have emphasized the effect
of surface terminations of domain walls. They conclude that SD-
like moments occur at the surface of a grain. According to their
model, the magnetization of a grain can be described by a superpo-
sition of SD and MD behaviour caused by different parts of
the grain. Dunlop et al. (1974) found that equidimensional Fe304
grains of 0.22 u are two-domain grains and those of less than
0.2 u (still above SD size) consist essentially of one domain wall
which behaves like one SDP. Shcherbakov (1978), assuming a
particle to have the shape of a parallelepiped and using Amar’s
formulae, estimated that Fe3O4 grains of 0.2—0.4 u would be two-
and three-domain grains. According to this concept the ratio of
the saturation remanent magnetization (IRS) to the saturation mag-
netization (Is) should be IRs/IS=O.2—0.6 for two-domain grains
and IRs/IS:O.1—O.18 for three-domain grains. A similar estimation
concerning the number of domain walls has been carried out
by Moskowitz and Banerjee (1979). A circular configuration of
spins for small, spherical MDP, as discussed by Morrish and
Yu (1955), implies very low saturation remanent magnetization.

Effcctive Field in a Sample

It has been found that the ARM for heterogeneous samples is
related to internal magnetic interaction effects. For this reason
it is suited to the study of structural properties. The ARM depends
also on the external demagnetizing factor of the sample. The latter
effeot is significant when the magnetic material is dispersed in
high concentration. Both effects may possibly be separated When
the ARM is measured as a function of the sample shape and
of the concentration.

In order to describe magnetic interaction and demagnetizing
effects one can aplly the ‘effective field method’ In this model
one considers the internal magnetic field H, acting on each individ-

ual grain. H, can be thought to be approximately composed of
the following terms

Hi=Hex+Hä+Him+Him+Hää

Hex =External magnetic field
H3 =Demagnetizing field of the sample. When the sample is

macroscopically homogeneous and has the outer form
of an ellipsoid, H3 is uniform and is given by H3
= —Ng I. Ng=demagnetizing tensor of the sample,
I= average magnetization of the sample

Hior =Field inside a spherical cavity centered on the grain in
question (Lorentz sphere). When the magnetization of
the sample, I, is macroscopically homogeneous and a
sufficient large sphere is taken, the effect of the grains
outside the cavity can be described by a uniform field
HE“: +47'CI/3 within the sphere

HiLor =Field of the grains inside the Lorentz sphere acting on
the central grain. This field depends on the properties
and distribution of the grains and on the interaction
between them. It is called the local or interaction field

=Demagnetizing field due to the magnetization of the
grain itself. This field will vary in some complicated way
inside a small MDP

gr
Hd

The concept of Lorentz sphere is, in general, valid if the grains
are arranged isotropically and their orientations are statistically
random.

Experimental Method

Several commercially available Fe3O4 powders, with grain sizes
of 1—5 u, were checked for purity using magnetization data and
Mössbauer spectroscopy. With the help of the latter it was found
that the powders contained up to about 20% of either y-Fe203
or a solid solution of Fe3O4—y-Fe203. Similar observations con-
cerning commercial Fe304 powders have been made by other
workers (Levi and Merrill 1978).

For this reason, and to reduce magnetic interaction which
may hinder the dispersal of magnetic grains in a non—magnetic
matrix, hematite (oc-Fe203) was taken as the starting material
of the samples. After the dispersal oc-Fe203 was reduced to Fe3O4.
Commercial oc-Fe203 powder (Fluka AG) and ZrOz (Fluka AG),
which was previously milled to a grain size <1“, were dispersed
and mixed ultrasonically in acetone. The mixing was continued
in a slowly rotating plastic cylinder, containing a few hundred
small glass spheres, while the acetone evaporated. Under the opti-
cal microscope the oc-Fe203 grains appeared to be well dispersed
(magnification x 1,100). The mixture was pressed into pellets (2—
3 kbar). The reduction of the oc-Fe203 to Fe304 was attempted
at first using hydrogen at 300° C. In addition to the Fe304, how-
ever, the samples contained a certain amount of either Fe203
or FeO and metallic Fe. Better Fe3O4 was obtained using a mixture
of approximately 90% N2 and 10% H2 at 500° C for about 40 min.
The quality of Fe3O4 grains, prepared in this way, has been studied
by Weisweiler and Alavi (1977). By examining some dozens of
specimens, thus produced, a series of samples was found to contain
fairly pure Fe304. Others had the correct saturation magnetization
but were found to be contaminated by FeO and Fe (Mössbauer
speotroscopy). These findings proved the samples to be too criti-
cally dependent on the gas mixture and on temperature variations.
Finally, for sample preparation, a mixture of H2 and H20 vapour
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Fig. l. Upper branch of a hysteresis loop for a spherical sample with
p=0.1‚ measured at room temperature

was used at 400°C (ratio of partial pressures pHZ/pH20212). The
Fe3O4 prepared in this way was reproducible and the samples
were homogeneous. The specimens were cooled down to room
temperature in 5—10 min by pulling them into a cold extension
of the furnaoe.

It is possible, in view of the low reduction temperature, that
the Fe3O4 grains were Clusters of still smaller grains arising from
the reduction process. However, no evidence is seen from scanning
electron micrographs (SEM). The SEM showed that the grain
sizes were distributed between 0.2 and 0.4 u. No larger grains
were seen. On the other hand, it was not possible to rule out
the presence of grains of much less than lp (magnification
>< 50,000). Both the Fe203 and Fe3O4 grains are almost spherical.

Small cylinders and spheres were cut from the reduced, pressed
pellets and fixed in polyester resin to protect them from physical
damage and oxidation. The cylinders were 5—7 mm long with
length to diameter ratios between 2 and 6; the spheres had an
average diameter of 3 mm.

The ARM was generated using an air-cored coil with a maxi-
mum A.F. amplitude of 1,500 Oe. A superimposed magnetic D.C.
field up to 280 Oe was produced parallel to the A.F. field by
an additional coil. All remanences were measured with a Digico
Spinner magnetometer.

Hysteresis properties were determined with a PAR Vibrating
sample magnetometer. The Is was ca. 5% lower than the nominal
values. IS was accurate to 1°/o—2%.

Results

In Fig. 1 the upper branch of a hysteresis loop, measured on a
spherical sample, is presented ; it is typical ofall concentrations used.
The coercive force HC varies between 210 and 235 Oe with
a tendency to the lower values for increasing packing factors p.
The relative isothermal saturation remanent magnetization IRS/Is
is plotted in Fig. 2 for varying p and geometrical demagnetizing
factors Ng of the samples. The magnetometric demagnetizing fac-
tors (Zijlstra 1967) were taken for the cylinders. Values of Ng
in Fig. 2 correspond to measurements on spheres and on cylinders
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Fig. 2. The ratio IRs/IS vs the geometrical demagnetizing factor Ng of
samples with various packing factors p
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Fig. 3. Depenclence of the anhysteretic remanent magnetization (ARM)
on the steady field H for samples with p:0.2 and three values of the
demagnetizing factor Ng: (a) Ng/4n:0.08, (b) Ng/4n:0.33, (c) Ng/41r
=0.46

magnetized along and perpendicular to their axes. The points
are connected, in a first approximation, by straight lines. Samples
with high p show a clear dependence of IRS/Is on Ng. There is
no dependence on Ng for the most diluted samples.

Figure 3 shows how the ARM depends on the applied steady
field H for a specimen with p———0.2 and three values of Ng. Up
to about 15 Oe the ARM varies linearly with H. The concentration
dependence of the ARM in a field of 2 Oe for specimens with
different Ng is shown in Fig. 4. The dependence of the ratio ARM
(2 Oe)/IS on Ng for high p is much more pronounced than for
IRS /IS. As the law of the variation is not known, an extrapolation
to Ng—>0 cannot be made. A.F. demagnetization curves of IRS
and ARM, carried by spheres with p:0.01 and 0.2, are plotted
in Fig. 5. The samples wth high p have lower median destructive
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Fig. 5. A.F. demagnetization curves of the ARM and IRS of spherical
samples with p=0.01 and 0.2

fields H1 /2 (H1/2 = peak field for which half of the initial remanence
is removed) fOr both IRS and ARM. In each case H1 /2 is smaller
for IRS than ARM (2 Oe). Figure 6 shows the relation between
the acquisition and the demagnetization of the ARM for a sample
with p:0.2 and three values of Ng. The partial ARM acquired
in a peak alternating field (H) is plotted against the magnetization
remaining after the full ARM is demagnetized in the same oscillat-
ing field. For all three Ng the points of varying alternating fields
are on straight lines with slopes 2 — 1.

Discussion

The weak dependence of Hc on p is in agreement with the findings
of Morrish and Yu (1955) and of Levi and Merrill (1978) for
small MDP of Fe3O4. For completely spherical SDP, Hc is deter-
mined by the crystalline anisotropy constant K1°c2 K1 /Is.
which for Fe3O4‚ is, about 145 Oe, whereas for shape anisotropy
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Fig. 6. ARM acquisition vs demagnetization of specimens with p=0.2
and different demagnetizing factors. The magnetic fields given at the
points are the A.F. peaks taken for the generation of the ARM and
for the demagnetization of the full ARM

Hc is much larger. On the other hand, for MDP HC is always
found t0 be smaller than for SDP. Therefore, from Hc measured
for highly diluted concentrations of Fe3O4 grains the conclusion
may be drawn that, on average, a slight deviation of the grains
from spherical shape might occur. The values of Hc are compatible
with those measured by Morrish and Watt (1958). Dunlop (1973)
found for 20.22 p monocrystalline, cubic Fe3O4 grains, at room
temperature, Hc 2100 Oe, which is much lower. A possible reason
for increased Hc might be pores or voides in the grains, strain
and imperfect conversion of oc-F6203 t0 Fe3O4 (exchange an-
.isotropy).

For p:0.025, [kg/1520.22. This value is probably much higher
than one would expect from any circular spin configuration in
the grains. It is Close t0 the one predicted by Shcherbakov (1978)
for two-domain grains of parallelepipedal or cubic shape. There-
fore, in the spherical grains a similar arrangement of domains
may be present. For higher p one has to consider agglomeration
of grains in pairs or, t0 a lesser extent, in bridges. These Clusters
may have a magnetic structure different from the individual grains.

3, H‘im, and H10, will all depend on the concentration of
the magnetic grains, and any concentration dependence of the
magnetic properties derives both from the outer shape of the
measured sample and from the distribution and nature of the
magnetic particles. The lack of a full model of the process of
anhysteretic magnetization makes it difficult to subtract the shape
effect and determine the interactions which occur between neigh-
bouring particles. If the local field HIN is zero or can be approxi—
mated by a linear dependence on the average magnetization
(HiLorzoc I) there should be some shape of the sample such that
(—Ng+47t/3+oc) I=O and the static field acting on an individual
grain would be independent of p. Figures 2 and 4 ShOW that,
within the probable experimental uncertainties, such a crossing

151



|00000158||

point may occur (perhaps with the exception of the p = 0.3 sample)
at a demagnetizing factor of about 0.3. This suggests that the
interaction effect between near neighbours is small for p less than
0.3. Due to the lack of data this conclusion is uncertain.

The difference between ARM and IRS A.F. demagnetization
curves for the highly diluted Fe304 powder (Fig. 5) had been
observed in a similar form by Dunlop et a1. (1973) on dispersed
0.1 u Fe3O4 grains and by Johnson et a1. (1975) on SDP and
small MDP of Fe304 which may have contained a certain amount
of y—Fe203.

The linearity of the plots in Fig. 6 ShOWS that, although shape-
demagnetizing and structural effects influence strongly the intensi-
ty of remanence, they do not, in this case, invalidate palaeointen-
sity techniques using partial demagnetization and remagnetization.
This is, as mentioned earlier, important for rocks which bear
highly concentrated Fe3O4 grains in titanomagnetite intergrowths
and for archaeomagnetic specimens.

The acquisition of an anhysteretic remanent magnetization may
be divided into two parts; the induction of a magnetization in
an applied field (superposition of fields) and the partial self-
demagnetization when the external field is removed. These pro-
cesses depend on the demagnetization field of the sample and
complicate the interpretation of the remanence data. For SDP
the difference between AM and ARM is thought to be negligible,
whereas for small MDP, due to domain wall motion, it cannot
be neglected.
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Stirred Remanent Magnetization:

Journal of
Geophysics

A Laboratory Analogue of Post-Depositional Realignment

P. Tucker

University of Edinburgh, Department of Geophysics, James Clerk Maxwell Building, Mayfield Road, Edinburgh EH9 3J Z,
Scotland

Abstract. The remanent magnetization acquired by a slurry
stirred in a magnetie field was measured as a function of the
applied field, stirring rate and water eontent. The experimental
results were fitted by a theoretical model in which the stirring
process was approximated as a periodic randomization of the
grains. The aequired remanence was proportional to the applied
magnetie field and independent of the stirring rate only for weak
fields (<160 A/m) and slow stirring rates (<10 rad/s). The
remanent intensity deereased with decreasing water content. The
implications for the laboratory modelling of post-depositional
remanent magnetization are discussed.
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1. Introduction

The settling of magnetie grains through water and their im—
mediate interaction with the sediment interface produces a
statistical grain alignment which is determined by the ambient
magnetie field at the time of deposition. Although the de-
Clination record preserved in the sediment is generally a good
representation of the field declination, the recorded inclinations
may be too shallow according to the mean shape of the grains
(King 1955) or dependent on the physical nature of the sediment/
water interface. Theoretically, Stacey (1972) showed that, for a
distribution of grains with moments up to m the intensity
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for geophysically realistic fields.

Analyses of both natural and laboratory deposited sediments
(see Verosub 1977) have shown that the inclination error is often
less than predicted and that the intensity record often bears no
simple relationship to the applied field strength. Post-depo-
sitional models (Irving and Major 1964; Lovlie 1976) in which
grain re-alignment occurs after the initial deposition, have been
invoked to account for these features. It is convenient to olassify
the post-depositional effects into two categories: (i) when no
external perturbations are present and (ii) where such per-

turbations do occur. The first category has been previously
discussed (Tucker 1980): this paper is concerned with the second
effect.

In the absence of external perturbations, the internal con-
straints on grain movement (void size and rigidity of the sedi-
ment, entrapped gas, eohesive forces and friction etc) may be
sufficient to largely inhibit realignment by any magnetie torque
acting on the remanence carriers. It has been shown (Tucker
1980) that for realistic field strengths (<200 A/m) only a small
fraction of the carriers may be susceptible to realignment in this
way. For the larger-scale realignments which have been pro-
posed in order to account for the natural remanenees of many
fine-grain sediments, it is necessary to postulate the presence of
additional time-dependent disturbances to the sediment. These
may include local ‘stirring’ by for example bioturbation, shaking
Via earth movements or gross movement of the sediment during
slumping. These mechanisms may temporarily reduee or remove
the constraints on grain movement just as heating or the appli-
eation of high alternating fields reduce or remove the effective
barriers to domain—wall movement (or domain rotation) in
TRM or ARM acquisition respectively.

In the laboratory, a convenient way of simulating the natura]
disturbances is simply by stirring a slurry in an applied field.
Kent (1973) demonstrated that sediments prepared in this way
could acquire a stable remanence whose intensity was approxi-
mately proportional to the applied field strength. Games (1977)
found that sun-dried adobe bricks became magnetized at the
time when the wet Clay was ‘thrown’ into the mould. He
successfully simulated the process by the ‘throwing’ and stirring
of ‘stiff’ slurries. Verosub et al. (1979) noted that slurries stirred
and dried in a field were more intensely magnetized than those
stirred in zero field then field dried. The feature common to
these experiments is the close relationship between the time at
which the magnetization is acquired and the stirring process
itself.

2. Stirring Experiments

In order to isolate the effects of stirring from those imposed by
the drying process, the remanence was direetly monitored using
a fluxgate gradiometer, after and during the stirring process
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Fig.l. The magnetization acquired by a synthetic sediment
(slurry 1) during stirring in a magnetic field of 80 A/m (1 Oe)
(dotted line) and the maximum remanence reached after stirring
(solid line)

I I —|

4

3 4

'E
3

f
E
5

-

.E
Z52
{_—

_.

<1:
N
‚:
LLJ
Z
L'J
<

Z _

40 ä s6\
\\k NAN'A

\

‘O’Q
1 I l \<>

1 10 100 1000
STIRRING RATE (rad s‘1 1

Fig. 2. The magnetization acquired by a synthetic sediment
(slurry 2) during stirring in a magnetic field (dotted line) and the
maximum remanence reached after stirring (solid line). The
curves are plotted for a range of applied field strengths
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Fig. 3. The stirred remanent magnetization acquisition curves
for fast and slow stirring respectively. The maximum intensity
achieved without stirring (after Tucker 1980) is plotted for
comparison

itself. The laboratory field was cancelled and a field applied in
the horizontal direction by a set of Helmholtz pairs. A mechani-
cal stirrer, removed from the Vicinity of the deposition ap-
paratus, drove a nonmagnetic propeller via a cord and pulley
system. The magnetization was measured along the field axis.
After stirring the samples were left t0 dry, subsampled and
measured on a spinner magnetometer.

The sediments were artificially prepared from a 2% con-
centration of natura] magnetite of grain size 1—32 um in a silica
matrix (1—35 um). The water content was set initially t0 75 ‘70—
76% which corresponded to a saturated slurry. The intensities
were measured whilst stirring and 30 s after stirring, by which
time Visual signs of gross movement and the observed increase
in magnetization had ceased.

For an inducing field of 80 A/m (Fig. 1) and slow stirring
rates, the sediments retained a magnetization in the field direc-
tion during the stirring process itself. The intensity rose only
marginally after the disturbance was removed. For fast stirring
rates, the magnetization during stirring was correspondingly
smaller, however this rose dramatically after the stirring fin-
ished. These general features were common to all the weak-field
curves (Fig. 2) with the onset of the pronounced rise occurring at
progressively lower stirring frequencies as the inducing field
increased. At the higher inducing fields, however, the remanence
during stirring initially increased with stirring rate and reached
a maximum before falling away at the highest stirring speeds.
The intensity measured 1 minute after a slow stir was pro-
portional t0 the strength of the applied field for fields up t0 at
least 120 A/m (slurry 1, Fig. 3) and up t0 100 A/m for slurry 2.
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Fig. 4. The effect of progressive deatering on the alignment
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For a fast stir, this relationship no longer held. The stirring-
aided realignments were larger by a factor of 10 or more than
the alignment achieved in the absence of any external per-
turbations (Fig. 3). The maximum realignment achieved de-
creased as the samples were progressively dried out (Fig. 4). For
water contents of less than 65 %‚ the matrix became too rigid for
laboratory stirring. The reproducibility of the stirred remanent
magnetization was better than i 15 %.

The intensity reached after stirring was stably preserved for
several tens of hours and presumably would be for even longer
times. Following a reversal in the direction of the applied field,
the specimen remained magnetized in the original direction, the
intensity decreasing by only 10 %_20 %.

Alternating field demagnetization of the dried out samples
showed little difference between the coercivity fractions acti-
vated by each stirring rate, whereas the slurry stirred in zero
field then field dried was noticably magnetically harder (Fig. 5).

The dramatic rise in post-stirring intensity for the high
frequency disturbances may be because a greater number of
grains are liberated for realignment, perhaps from the breaking
up of grain Clusters. According t0 the coercivity data these extra
carriers would have to be of approximately the same size
distribution as those previously activated. A second alternative
is that the grains, activated, individually achieve greater realign-
ment after the more rapid stirring. It will be shown below that
the second alternative on its own is sufficient t0 account for the
observed effects.

3. A Model of Stirring

Consider a spherical magnetic grain moving freely, under the
influence of a magnetic t0rque, in a circular path. Its equation of
motion is

f(I//)+19'+/Ia'+„omH sinazo (1)

where 6 is the angle between the grain moment (m) and the
applied field (H), I the moment of inertia of the particle and ‚19
the viscous drag. f (l/l) is the contribution of the circular motion.
T0 solve the above equation it is necessary t0 make certain
simplifying assumptions. In general the inertia] term is small and
may be neglected (Collinson 1965). The rotation terms contained
in f(l/l) can be treated by the following extremes.

(i) The stirring process serves t0 periodically randomize the
grains without causing bodily rotation (in which case f (l/l) can
be omitted).

(ii) Where the particle moves in a circular path at the
frequency (w=I/}) of the stirring. The particle is then allowed t0
rotate about its own axis due t0 the magnetic torque.

With most designs of stirrers, for relatively thick slurries, the
first effect is dominant for all but the most rapid of stirring
rates; even with vigourous stirring, the particle’s angular velocity
may be very much lower than that of the stirrer.

Solving Eq. (1) for case (i) gives

6 t
tan —ä—)= tan % exp( — ‚uO Hmt/Ä). (2)

As we are concerned with the component of remanence in
the applied field direction (i.e.‚ m cos 6), Eq. (2) can be trans-
formed into
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_ 1— tan(00/2) e“ 2’“
COS 0(t) —

[1+tan(60/2) e“ 2“] (3)

or

cos 6 = F(60, k, t) (4)

where k=‚u0 Hm/Ä and 00 is the original magnetization direc-
tion. A periodic randomization every n/w seconds is assumed to
produce a uniform distribution of 90. The grains will then
realign according to Eq. (4) until t=7r/w or t=r where r is a
characteristic time over which the grains remain mobile. At any
instant, a fraction of the grains will have been randomized over the
preceding r seconds whilst the remainder would have reached their
final orientation. The total magnetization of the sample is thus
given by

t n/w

M=mz (Z F(90‚k‚t)+ 2 F(60‚k‚r)) (5)
00 t=0 t=t

for 1<n/w and
n/w

0013:0

for T>7ZZ/W.
The above can be solved numerically once a further assumption
is made about the nature of r. The characteristic time would be
expected to decrease as the sediment become more rigid and
should be largest for the greatest magnitude of disturbance.
Visual observation of the slurries showed that for wz300 rad/s,
internal movement appeared to have stopped within approxi-
mately 5 s after stirring had finished, and the increase in re-
manence was Virtually complete within 10—20 s. For slower
rotation rates these times were correspondingly reduced. A first
approximation to the value of r may thus be made as t=gw
where g is a ‘stiffness’ eonstant, w being taken as a measure of
the magnitude of disturbance. On the above considerations, g
would be of the order 0.05. The predicted results d0 not, in fact,
critically depend on the exact form of expression; any function
of ”C which monotonically increases with w would suffice. The
approximation chosen is thought to be least valid at the very
lowest rotation rates.

Direct calculation of the constant k, for say a 1—10 um
partiele, with mN103— 104 r3 Am2‚ 11:3 x10’2 r3 for a field H
= 80 A/m gives kN5—50. This is thought to be an overestimation
as the calculated drag coefficient (‚1) only strictly applies to an
isolated particle: in a concentrated slurry Ä may be very much
higher.

Equations (5) and (6) were numerically integrated for k=0.1,
l, and 10 with g: 0.01, 0.1, and 1. The model curves are shown
in Fig. 6.

After stirring is complete, the grains would continue to move
until a time T had elapsed since they had last been disturbed.
The maximum remanence (M) achieved would therefore be

M=mBZF(80,k,r)
(7)

The predicted curves are shown in Fig. 6.
On comparison of Figs.1 and 2 with Fig. 6, it is seen that

there is good agreement between experiment and theory. As the
stirring frequency increases, the remanence during stirring de-
creases for the low k (weak field) curves and peaks for the higher
k (high field) curves. After stirring, little further realignment is
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Fig. 7. The predicted stirred remanent magnetization acquisition
curves, for high and low stirring rates respectively. k is a
parameter proportional to the applied field strength

possible with a low stirring rate but with rapid stirring a large
increase in magnetization is expected. The onset of the rapid rise
occurs at progressively higher frequencies as k(H) decreases.

The effect of an increase in characteristic time (r) is to shift
the solid curves, in Fig. 6, to the left (i.e., give saturation at lower
frequencies) and to increase the low frequency values of the
dotted curves. A decrease in water content would show as a
decrease in ‘C (modelled by a decrease in g; Fig. 4). Progressive
drying out may also effect the microscopic viscosity (Ä) and
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could be expected to further accentuate the fall in alignment
capability on dewatering.

The ‘best’ fit to the data of Fig. 1 is given by k=0.1, g=0.1.
Using the value g=0.1, the field (oc k) dependence of the stirred
remanent magnetization was calculated as a function of stirring
rate (Fig. 7). The model predicts a linear relationship, with low
stirring rates, for fields up to k=0.3 (N250 A/m) whereas with a
high rate of stirring the linear relationship no longer holds. This
again is in agreement with experiment (Fig. 3).

Allowing for a cireular motion of the particle, the partiele
velocity (t/J) may influence its alignment rate (Ö). The extremes
would be (i) 6 independent of 1/1 and (ii) an additional ehange in
6 of Ö’ (ocr/i). The first leads to saturation at all frequencies and
the second to a rapid fall off in remanence (whilst stirring) at
moderately low particle velocities and, except for high r, a
similar fall in remanence after stirring. Neither extreme was
evident for the sediments investigated.

4. Conclusions and Implications

Although many simplifying assumptions were made, the per-
iodic randomization model of stirring does provide a solution
which is consistent with all the experimental results to date. The
main features would equally apply to other types of periodic
disturbance and indeed to a ‘one-shot’ disturbance. The model
relies heavily on the following two important concepts:

(i) In order to achieve realignment, constraining forces must
be broken.

(ii) After the disturbance, these forces reassert themselves
after a characteristie time (r) at which point the particle is
locked into plaee again preserving its current alignment.

It follows that the characteristic time will depend on the
physical properties of the sediment (i.e., ‘stiffness’ or rigidity
which depend on the water content, depth of burial, particle size
and type) and on the magnitude of the disturbance.

Stirring does liberate a wide spectrum of grain coercivities
for prospective realignment. The coercivity spectrum involved
seems to be Virtually independent of stirring rate. It should be
borne in mind, however, that it may be dangerous to generalise
this last point to include different types of disturbance. Games
(1977) has shown that a ‘throwing’ of a sediment may activate a
different coercivity spectrum to the stirring of the same slurry.

A rapidly stirred sediment (and a sediment poured in a field)
do not show a linear relationship between the acquired magneti-
zation and the applied field whereas a gentle disturbance (slow
stirring or gentle tapping) does induce a remanent magneti-
zation that is linear with the applied field, for any geophysically
realistic field. For slow stirring rates, the final intensity reached
is Virtually independent of the stirring rate.

If these conclusions also apply to natural sediments, then it
is evident that the magnitude of the PDRM may depend criti-

cally on the type and scale of disturbance. In order to model the
PDRM process in the laboratory, it is essential that the
measurements are made self-eonsistent. This would mean work-
ing with low frequency or small-seale disturbances and a satu-
rated, or near-saturated, slurry where any fluctuations in stirring
rate or differences in water content would have least effect.
Further, with such low stirring rates, the remanent intensity
assumes a linear relationship with the applied field and may
provide an effective normalizing parameter for palaeointensity
determination. Indeed, it may well be that the above conditions
are the closest analogue to the natural PDRM acquisition
conditions. Because the stirred remanent magnetization is ac-
quired within a few tens of seconds after the disturbance is
applied, there may be no need for recourse to prolonged drying.
In situ measurements within a oryogenic magnetometer would
permit a high throughput of results.
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Abstract. Mode OSO was excited by the Indonesian earthquake
of 19 August 1977 and recorded at the South Pole and at UCLA.
Phase estimates from 16 independent time lapse spectra were used
to determine the frequency of this mode to high precision. The
result isf(OS0)=2.932851 cph with a standard deviation of 11 ppm.

Key words: Frequency — OSO — Time lapse spectra — Sumbawa
earthquake.

Introduction

The frequencies of the earth’s free vibrations form an important
set of data and are used to infer the global average internal struc-
ture of the earth. The precision with which these eigenfrequencies
can be measured depends in part on the length of seismic re-
cords available for spectral analysis; these depend in turn on
the initial amplitude of a mode after an earthquake, its specific
attenuation factor Q and the noise level of the instrument and/or
station at the time. Recorded noise may be due to instrumental
disturbances, aftershocks or earthquakes at other locations and
to meteorological sources. The influence of changes in atmospheric
mass on recordings by a gravimeter, for example, has been demon-
strated by Warburton and Goodkind (1977) and Slichter et al.
(1979) for tidal periods; these processes must certainly be impor-
tant in the free mode band of periods as well.

The measurement of the frequency of mode OSO is favored
by its high Q; on the other hand it is excited only by very large
earthquakes with a usable signal-to-noise ratio. Derr (1969) reports
four observations of this mode; the present-day standard of mea-
surement of the frequency of OSO is (Slichter 1967)

f(OSO) 22.9324 i 0.0003 cph

The Sumbawa earthquake of 19 August 1977 has provided an
additional opportunity to measure the periods of this and other
low order modes for the earth (Buland et a1. 1979; Knopoff et al.
1978; Knopoff et al. 1979; Linton et al. 1979, Riedesel et al. 1979).

* Contribution No. 229, Geophysikalisches Institut, Universität
Karlsruhe, Hertzstr. 16, D-7500 Karlsruhe, Federal Republic of
Germany and Publication No. 2071, Institute of Geophysics and
Planetary Physios, University of California, Los Angeles

0340-062X/80/0158/80100

Measurement of the Frequency of OSO

Knopoff et al. (1979) determined Q of (‚SO from recordings of
the Sumbawa earthquake using ultralong period seismographs at
South Pole (SPA) and Los Angeles (LMS). For the determination
of Q for this mode, we used amplitude information from time
lapse spectra while phase information was ignored. Details about
the data and the data reduction can be found in the above paper.
The phases for the different portions of the records are listed
in Table 1.

A fast Fourier transform of the longest clean record available
from the two stations (9,900 min starting at minute 332,480.0 in
1977 from SPA) gave the following spectral amplitudes in the
vicinity of OSO:

f483:2°927273 Cph A483 21.2540

48422933333 cph A484:7‚3647
f485 22.939393 cph A485 _—_1.7700

Table 1. Phase estimates for f=2.933333 cph as a function of lapse time
of the start of each record (in minutes from 0000 hours U.T.‚ 1 January
1977). The origin time of the earthquake was 331568.92 min. Each record
was 45.0 h long. Corrections lci were measured with stop-watch against
time Signals. The sample denoted with a question mark was deleted
in the final analysis. Reference time t0=t1

ti ti —— t1 Station tci Phase Phase
(min) (h) (S) (°) (CydeS)

332480 0.00 SPA 0.4 — 164.567 —0.4571
334880 40.00 LMS — 1.5 73.670 0.2046
337320 80.67 SPA 0.3 —— 13.654 —0.0379
339840 122.67 LMS —12.5 —— 84.945 —0.2360
343520 184.00 SPA 0.2 —— 49.177 —0.1366
344160 194.67 LMS —13.5 —141.703 —0.3936
347160 244.67 SPA 0.1 — 16.274 —0.0452
351360 314.67 LMS —16.0 —122.898 —O.3414
353616? 352.27 SPA 0.0 —147.189 —0.4089
355680 386.67 LMS —17.0 —170.92l —0.4748
360000 458.67 SPA — 0.1 122.919 0.3414
360240 462.67 LMS —18.5 —131.794 —0.3661
362880 506.67 SPA — 0.1 177.294 0.4925
362945 507.75 LMS —l9.0 130.097 0.3614
365760 554.67 SPA — 0.2 — 64.893 —-0.1803
367200 578.67 LMS —20.5 146.084 0.4058
370080 626.67 LMS — 0.5 —125.273 —0.3480
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where the subscripts are the estimate number in the Fourier spec-
trum of the record and the amplitudes, A, are in relative units.
From the near symmetry of these amplitudes we conelude that
the frequency of OSO must be very close to f484 and is bounded
by

2.936363 cph >f(0s0) >2.930303 cph

where the two limiting values are the midfrequencies between
the three speetral estimates. If the phase of the mode is not affected
by earthquakes subsequent to the start, t1, of the first lapsed
record, then the phase information from the time lapse spectra
can be used to measure f(OSO) more accurately.

The phases in the spectra of the records are shifted with respect
to those in the actual ground motion, due to instrumental phase
shifts that include the effects of the free mode filters (Nakanishi
et a1. 1976). At both stations the frequency responses are sufficient-
ly close to identical that we assume these phase shifts to be the
same for all spectra; no corrections for instrumental effects have
been applied.

The quartz clocks that control the digital sampling of the
data drift at both stations. This drift was checked regularly against
time Signals and appropriate corrections (Table 1, column 4) have
been applied.

A zero order approximation to the phases of OSO in the lapsed
records is given by the phases for the frequency f0 22.933333 cph.
The phases for f0 differ from those of OSO by an amount which
depends on the difference between f0 and f(OSO), the Q of the
mode, and the length of the time series. Since all these factors
are the same for all spectra, no corrections needed to be applied
for these effects.

The phase p,- (in cycles) of the mode is defined to decrease
linearly with starting time, ti‚ for each segment of the seismogram,
namely

Pi = —f(oso) '(li ‘10)+P0 (1)

where (t0, po) are a reference time and phase. Because phase
is uncertain by an integer number of cycles, the results are only
describable as p,- (modulo 1.0). The straight line of Eq. (1) is
therefore mapped onto a sawtooth function with unknown slope
(Fig. 1). There are many eycles of OSO between the different starting
times ti of the record segments. Without a priori bounds on f(OSO)
and in the presence of noise, it would be diffieult to find the
sawtooth-funetion that fits the data in a maximum likelihood
sense. There is an obvious analogy to the aliasing problem of
spectral analysis.

The a priori knowledge gleaned from the spectral analysis of
the 9,900 minute record described above permits us to “demodu—
late” the sawtooth function. If we choose the “carrier-frequency”
to be close enough to f(OSO)‚ then the demodulated phases p}
will span a phase interval of less than one cycle over all the
reeord segments, i :l‚2‚... We choose the estimate f0:
2.933333 cph from the above analysis as the demodulating fre—
queney and let öf:f(OSO) —f0. Equation (l), as modified, is,

pi: —öf'(ti —’o) +P0 (2)

where p; =[pi +f0 o(t‚- —to)] (modulo 1.0). In other words, the value
off0 allows us to estimate the number of full cycles in the interval
(ti —to). If this estimate is accurate, then pi’ will satisfy the straight
line equation within one cycle, except for noise. The demodulated
phases are plotted in Fig. 2 and we note that f0 is sufficiently

1.0

g +1
l f-l (080)

'

11 ___t_‚ ti
Fig. l. Sketch of phase as a function of lapse time before demodu—
lation. Solid circles denote phase estimates up to an arbitrary
integer number of cycles

phase
O U'I

1.0
X

X

O

Q}

3 05‘
ä

0
L _L 4Lo 200 400 eoo

ti-t1 (hrs.)

Fig. 2. Phase estimates (in cycles) as function of lapse time after
demodulation withf229333333 cph. Crosses and solid circles are
data from SPA and LMS respectively. Straighz line is the least-
squares fit to the estimates

close to f(OSO) that the p; span less than one cycle, for all values
of i.

The statistics of phase estimation for sinusoidal signals in the
presenee of Gaussian noise are close enough to normal for the
noise levels in our speetra (Knopoff et al. 1979) that a least squares
solution to Eq. (2) is justified (Middleton 1968, Fig. 9.4). This
is in contrast to the Ricean statistics we were obliged to use
to study spectral amplitudes. Because noise-free OSO is in phase
for both stations and because instrumental and data processing
phase shifts are identical, we can analyze the phase data for both
stations jointly, after the clock corrections have been applied.

As can be seen in Fig. 2, the phase estimate labelled with
a question mark in Table 1 deviates conspicuously from the general
trend of the other estimates. Inspection of the relevant time series
revealed that a small earthquake was recorded during this segment;
this may have produced an erratie phase estimate. This particular
time series did not produce any more seatter in the speetral ampli-
tudes than the other data and was not rejected in the amplitude
analysis performed in Knopoff et a1. (1979). In the present analysis
this point has been deleted and we obtain, from the least squares
solution for the remaining 16 time lapse spectra, the value

f(OSO) :(2.932851 350.000031) cph
22.932851 Cphill ppm.

Using seismograms from the IDA-network (and a different method
of analysis) Riedesel et a1. (1979), obtained

flOSO) =(2.932794 i0.000015) cph
=2.932794 cph i 5 ppm.

159



|00000166||

These two results are in disagreement at the 1 s.d. level but agree
at the 2 s.d. level. The effects of mode conversion, especially from
nearby mode 0S5‚ are probably small.
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The Solution of Dynamic Problems of Elastic Wave Propagation
in Inhomogeneous Media by a Combination of Partial Separation
of Variables and Finite-Difference Methods*
A.S. Alekseev, B.G. Mikhailenko
Computing Center, Siberian Branch, Academy of Sciences of the USSR, Prospekt Nauki 6, 630090 Novosibirsk, USSR

Abstract. A new method for the calculation of theoretical seis-
mograms, which is suitable for a wide class of inhomogeneous
media, is suggested. The method is based on a combination of
partial separation of variables with finite-difference techniques.
Different variants of the method, based on the application of the
Fourier-Bessel transform, finite integral transforms, expansions
in Legendre polynomials, etc, are discussed in detail. Examples
of theoretical seismograms for various simple structures are
presented.

Key words: Theoretical seismograms — Finite differences ——
Partial separation of variables — Non-ray effects — Finite
integral transforms.

1. Introduction

One of the basic problems of theoretical seismology and seismic
prospecting is the computation of complete seismograms for
inhomogeneous media. At present various methods can be used
to eompute theoretical seismograms. These methods have been
applied successfully t0 the solution of many important problems
in seismology. A brief review of these methods can be found in
Öerveny et al. (1977). Most of these methods, however, give only
incomplete theoretical seismograms, corresponding‚ to body
waves or surface waves, for example. The most general method, at
the present time, is the method of finite differences. The method
is quite universal, but it is rather time consuming, and requires
large amounts of computer store.

In this paper we will describe a new method for the calcu-
lation of theoretical seismograms, whieh is suitable for a wide
class of inhomogeneous media, including vertically inhomo-
geneous media with bloek structures. The method is based on
the combination of separation of variables with finite difference
techniques. The basic principle of the method is the separation
of the spatial variables (e.g., the coordinate corresponding t0 the
epicentral distance). After this separation, the equation has
reduced dimensionality, but remains hyperbolic. This equation
can then be solved efficiently by finite differences.

We start with the application of this method t0 a vertically
inhomogeneous halfspace and then proceed to more compli-
cated cases.

* Presented at the Workshop Meeting on Seismic Waves in
Laterally Inhomogeneous Media, Liblice, ÖSSR, 27 February—3
March, 1978

2. Method of Solution

2.1. Vertically Inhomogeneous Halfspace
(Lamb’s Problem)

The physical problem that we are going t0 solve is the follow-
ing: to determine the motion of the free surfaee and the interior
of an inhomogeneous halfspace when a source of the normal-
force type is located on the free surface. Since the geometry of
the system has axial symmetry, it is convenient to use cylindrical
coordinates (r, z).

The equation of motion of an inhomogeneous elastic me-
dium is given by

(Ä+2‚u)gradU—urotrotU+dinradÄ
2Ö U

+2(gradu-E)=p—Ö?—‚ (1)

with the boundary eonditions

Tzz z=O=—f(t) r—IÖÜ'): Trz 2:020, (2)

and the initial values

U|t_0:—ö—t—t—O=Oa (3)

U
Where the following notation is used: U: (U') is the displace—

ment vector, p(z) is the density, M2), ‚u(z) are Lame’s constants,
E is the deformation tensor, the function f(t) represents the time
variation of the source, 7:zz and 15,2 are normal and tangential
stresses, respectively.

(a) The First Modification. We seek a solution in the form of
Fourier-Bessel integrals:

Uz 2T R(z, k, t) J0(kr) dk, (4)

U, =of S(z, k, t) J1(kr) dk. (5)

As a result, we obtain the following boundary value problem of
reduced dimensionality for the functions R(z, k, t) and S (z, k, t):

0340-062X/80/0161 /5502.40



|00000168||

ÖZG ÖG ÖZG
Öz
—2 +A(z,

k)—+B(z‚
k)G= C(z)—

Ötz , (6)

ÖG
(———+D(z‚ k) G) =8, (7)

ÖZ z=0

ÖGG|,=o=5t—t=0=o‚ (8)
where

(S(z,
k, t)

(
0—

R(z, k, t))’ 8— —kf(t)>’

and A, B, C, D are known matrices. T0 solve this problem we
use the method of finite differences. We must solve our problem
for different values of k and then calculate the integrals (4) and
(5) numerically. The system of Eqs. (6)—(8) must be solved for the
values of k, which are knots of the quadrature formula, t0 allow
the calculation of these integrals. If the values of k are small we
can use an explicit scheme. Equation (6), in the form of an explicit
scheme, enables us t0 compute the functions R(z, k, t) and
S(z, k, t) at each spatial grid point, at the time step (i+1),
exclusively in terms of the values at the two previous time steps
j and (i— 1). If the values of k are large, one has t0 use either a
smaller time step At for the explicit scheme, or pass t0 an
implicit scheme in order t0 make the computation stable.

The convergence of the Fourier-Bessel integrals is deter-
mined by the behaviour of the functions R(z, k, t) and S(z, k, t) as
k—+oo. For the case of an impulsive SH-torque source for a
homogeneous model, we have analyzed the analytical solution
for the boundary-value problem obtained after the separation of
variables. The behaviour of R(z, k, t) and S(z, k, t) has been
found to depend on the smoothness of the function f(t) in the
boundary condition. If f (t) is a discontinuous function, one can
speak of convergence of the integrals (4), (5) only in general
terms. For smooth finite functions f(t) the integrands R(z, k, t)
and S (z, k, t) decrease exponentially as the parameter k in-
creases, the integrals (4), (5) converge and therefore can be
calculated numerically.

Replacing the integrals (4), (5) by those over a finite interval,
we note that they are integrals of strongly oscillating functions.
Therefore, to compute them we follow Filon’s method: we
consider J1(kr), J0(kr) as weight functions and substitute for
R(z, k, t) and S (z, k, t) using an interpolation polynomial. Spline-
interpolation of the second order is used.

The error in the method as a whole can be determined by
comparison with the exact solution for the problem of an
impulsive SH-torque source, for the case of a homogeneous
model. The error in the displacement U(r, z, t) does not exceed
two or three per cent at distances up t0 30 ‚10 (here ‚10 is the
dominant wavelength radiated by the source). For details see
Alekseev and Mikhailenko (1976), Mikhailenko (1973, 1974).

(b) The Second Modification. This method is based on combining
finite-integral transformations (see Koshlyakov et a1. 1970) with
finite—difference methods. The use of finite-integral transfor—
mations considerably increases the possibilities of the method.
Numerical integration of the rapidly-oscillating integrals (4), (5)
is n0 longer necessary. To compute them one has only t0 solve a
great number of one—dimensional problems at fixed values of the
parameters k.

162

Consider problem (1)—(3) again and introduce new boundary
conditions:

U<r z r): Uz(r‚z‚ t)|‚=„=0. (9)r= r0= 09

We have thus introduced a reflecting surface at the distance r
:r0 from the origin. We select a sufficiently large distance r0
and consider the wave field up t0 t=T, where T is the time
taken for propagation of the wavefront up t0 the reflecting
surface.

Let us apply finite Hankel integral transformations (see
Sneddon 1951) along the coordinate r,

rO

R1(z, ki, t)=f r Uz(r, z, t) J0(ki r) dr, (10)
O

S1(z, ki, 0:5 rU‚(r, z, t) J1(kir) dr, (11)
O

J (kr.)Uz(r, z, t)=— R (z,k„ t) —0‘—, (12)
ro i=211[']1(r0 ki)]2

2 °0 „ J (r 1€.)
U (r,z, t (z, ki, t) [—1„l—, (13)):

70712118
1

[J1(r0 [€912

where k, are the roots of the equation J0(ki r0)=0, (14)

and k, are those of the equation J1(ki rO):0. (15)

The boundary value problem of reduced dimensionality is:

Ö—2Q+Ä(z‚k*)ÖQ+B k)Q—Ö()ÖZQ (16)522 k'az (Z’i _ZatZ’
Ö „
Ö—Q+D(z, k?) Q=E at 2:0, (17)

z

_ÖQ :0 18Qlt: 0=
Öt 1:0

’ ( )

where Q(z, k*,t) is the vector with the components R (z,kl, t)
and S (z, k ,t), the coefficients Ä, B, C, D, 8 are known matrices

and the vector ki* = (II?) contains the roots of Bessel’s equations.

Having solved problem (16)—(18) numerically for various roots
of the Bessel’s Eqs. (14), (15), we can find the components of the
displacement vector by (12), (13).

The convergence of the series (12), (13) depends on the
smoothness of the function f(t). It can be shown that, if the
function f(t) satisfies the Dirichlet conditions, then as kf—wo
the series converge rapidly. The above method allows one t0
calculate complete theoretical seismograms on the computer
BESM-6 up t0 distances exceeding 100 ÄO (ÄO is the dominant
wavelength generated by the source).

The total error in the determination of the displacement
vector, caused by inaccuracy of the difference schemes and the
truncation of the series, does not exceed 3 O/0—4 %. The method is
easily generalized for anisotropic media. In this case only the
coefficients in the difference equations are changed.

Other details can be found in Alekseev and Mikhailenko
(1978)
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2.2. Half-Space Inhomogeneous in the Horizontal Direction

Consider the application of the method t0 the calculation of
wave fields in media where the elastic parameters are arbitrary
functions of epicentral distance. In the system of Cartesian
coordinates (x, z) propagation of SH waves from a line source is
described by the equation

ÖZU ÖZUÖ ÖU__ __ _: _._ ——h t 19„(1%) uözz p 5,2 p6<x>ö<z )f()‚ < >
with the boundary condition

——ÖU =0, (20)
ÖZ Z=0

and the initial values

ÖU
:-— =0Ult=o a: EO ‚ (21)

where u(x) is Lamö’s constant, and p(x) is density.
For application of the finite integral transformation we

introduce the boundary condition

ÖU— :0 2Öz ‚ (2)
Z=Zo

and select z0 sufficiently far from the origin. The wave field is
then considered up t0 the time t: T, where T is the time taken
for wave propagation t0 the reflecting surface at 2:20.

We employ the cosine transformation with finite limits

S(x, n, 0:5 U(x, z, t) cosfldz, (23)
0 Z O

U(x‚ z, t)=—Z—1—S(x, 0, t)+3—oo2 S(x, 11, t)cos—
ZO=n1 ZO

(24)

Multiplying Eq. (19) by cos w and integrating from zero to
Z0

20, making use of conditions (20), (22), we obtain

h f(t),
Ö ÖS 112 n2 ÖZS nn_ __ _ : —— ö 25Öx (‚u 8x) ‚u zä S p Öt2 p (X)COS zO ( )

ÖS
S -—— =0. 26|l=0

Öt t=0
( )

Problem (25), (26) is solved by finite-difference methods for fixed
values of 11. Summing the values S(x, n, t) for 11:0, 1, 2,...‚N,
according t0 formula (24), we find U(x, z, t).

2.3. Radially Symmetric Medium

In the spherical system of coordinates r, Q, (0

(0<r;a‚ 02627:, 02mm),
we consider a radially symmetric elastic medium where Lamä’s
constants ‚l, ‚u and density p are arbitrary, piecewise-continuous

functions of the coordinate r. At the point r=d‚ Q =0‚ a vertical
force is applied

(55:)
F:ö(r—d)——am) (27)

This force has axial symmetry and generates the displacement
field

U = U‚(r‚ 6, t) e‚+ U@(r, Q, t) 69. (28)

The components U‚(r, (H), t) and U@(r, Q, t) are defined from the
system of equations of the dynamic elasticity theory,

(‚l +2 u) grad div U —‚u rot rot U + div U grad Ä
2

+2(grad‚uoE)+pF:p—Öt7,
(29)

for zero initial values

ÖU
U — —— z 0 30It: O

Öt t _ O
’ ( )

and with boundary conditions at the free surface

Trr|r=a209 Ier=a:0’ (31)

where E is the deformation tensor, and 1:",
tangential stresses, respectively.

If, at the depth rzd, an impulsive SH-torque is applied

IQ, are vertical and

5:692)F: 25(r —d)———f(t) eo, (32)

then only SH-waves arise in the medium. The component
Um(r, (9, t) is determined from the equation

‚u Ö
(ÖUQ U t@)+

Ö
[ (Ö_U_ UM]+3 (ÖUL Um)r2 86) ÖQ

CO Ö—r M Ör r Ör r

2M ÖUQ ÖZ Utp_ __ = —— 33
+r

2(66)? UmcotQ)cot@+pF p
Ötz’

( )

with the initial values

öUm ___0 34(p|t=—0— —Ö—t(p
t: 0

a ( )

and the boundary condition at the free surface

öU U„ (_L—w) :0. (35)Ör r ‚=a

If the Earth’s core is liquid, then a similar boundary condition is
introduced at the boundary of the core at r=r0.

We seek a solution of Eqs. (29)—(31) in the form

U‚(r, Q, t): Z R(r, n, t) 121(cos Q), (36)
n=0

U60: 6, t): ä) S(r‚ n, 0W, (37)
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where the 131(005 (9) are Legendre polynomials. T0 determine the
functions R(r‚ 17, t) and S (r, n, t) a new boundary value problem,

Ö ÖR 2 1 ÖR—— ‚1[—+—R—n(n+ )s]+2„——
Ör Ör r r Ör

u ÖR
( 5S)

ÖZR_ _ _ _— — 8
+—r2

{Ar—81' r—4R+n(n+1) 3S R
rör

+pF‚ p ötz’ (3 )

1 ÖR 2 1 ö ÖS S R—[—+—R—"<"+ >s]+— v <———+—>]r Ör ÖrÖrr r rr

ÖZS‚u ÖS
]

— 5R 3R——S—2 lS = —, 39+r2[ + Ör "(71+ ) p Ötz ( )

must be solved.
The boundary conditions at the free surface at r=a are

ÖR 2,1 Ä(‚1+2u)
—+TR—;11(71+1)S=0Ör

and

ÖS 1 1
—+—R——S:0. (40)
Ör r r

The initial conditions take the form

öR ÖS=— : 0 :— 20. 41|t=0
Öt 1:0

a |t=0
öt t=0

( )

Problem (38)—(41) is solved by finite-difference methods for
different values of the parameter 11 which is the summation index
in formulae (36), (37). We will not discuss the peculiarities of the
numerical solution of problem (38)—(41); they are described in
Alekseev and Mikhailenko (1977). Summing the functions
S(r, 11, t) and R(r‚ 11, t) according t0 formulae (36), (37), we de-
termine the displacement components U‚(r, Q, t) and U@(r, Q, t).

The number of terms of the series (36) and (37) depends on
the smoothness of the function f(t), i.e., on the frequency of the
Signal from the source. This number increases linearly with
frequency. Theoretical seismograms for waves with periods lon-
ger than 5—105 can be calculated on the computer BESM-6.
For other details see Alekseev and Mikhailenko (1977).

2.4. Diffraction by a Wedge in an Inhomogeneous Medium

In a cylindrical system of coordinates Ogr<oc, Oggp <27c, con—
sider the wave equation with the variable velocity vp(r) and a
line souree located outside a wedge, at the point (rO, (po):

Ö7“ U 1 ÖU
+

1 82 U
Ör2 r Ör r2 Öq)?‘

1 62 U 27C=—— ———— ö — ö — t. 42
030,) Ötz ro

(<0 €00) (r rO) f( ) ( )

On the boundaries of the wedge the conditions

U|(p=O:0> U|(p=a=09 (43)

are fulfilled, where oc is the angle of the wedge (7r<oc<27r). The
initial values are
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6U —0. (44)U'r=°=0’ EH,—
Applying the sine transformation with finite limits,

"7190R(r‚ 17,025 U(r‚ (p, t) sin dqo, (45)
0 oc

2 °° ‚ nngoU(r‚<p‚t):— Z R(r‚n‚t)sm ‚ (46)oc ‚7:1 oc

we obtain a new problem

ÖZR IÖR 1127:2 1 ÖZR 47i nngo
+————— = ——' —ö — t, 47Ör2 r Ör rzoc2 123(7’) öt2 rO 8m

oc (r r0)f() ( )

ÖR=— 20. 48It=0
Öt t=0

( )

Problem (47), (48) is solved by finite-difference methods at fixed
values of n. The displacement U(r‚ go, t) is then found from (46).
If the boundary conditions on the sides of the wedge are of the
form

ÖU
Ör

ÖU
ör

— 9
49:0

=O,

0:“
(49)

then a cosine transformation with finite limits is applied.
Changing the velocity and the angle of the wedge, sufficiently

complieated models of the media can be obtained.

2.5. Other Dijfraction Problems: Block Structures

Without signifieant modifications the method is applied both t0
diffraction by a cylinder in an inhomogeneous medium and
diffraction of a spherical wave by an opaque cone. In the first
case we use the Fourier series with respect t0 the angular
coordinate (p(Ogr < oo, 0; (‚o <2n); in the second ease the finite-
integral Legendre transformation with respect t0 the angular
coordinate Q(O_S_r< oo, O; (9 <oc) is used.

Employing finite transformations within the limits 0 t0 a and
b, and conneeting the solutions with the help of the finite-
differenee method, one can solve problems for inhomogeneous
media with block structure, each block having its own parame-
ters 2(2), ‚u(z) and density p(z).

At present, the method has been applied to construct
theoretical seismograms for certain types of visco-elastic me-
dia, porous media and pre-stressed media. If Lame’s constants
‚l, ‚u and density p are arbitrary functions of some space
variables, the classical separation of variables does not take
place. In this case, employing finite integral transformations
can be suggested as a rather effective method for calculation of
theoretical seismograms (Mikhailenko 1978, 1979).

3. Certain Dynamical Peculiarities of Seismic Waves
in Inhomogeneous Media: Non-Ray Effects

In this section, we will present examples of computations of
theoretical seismograms for some simple models. These exam-
ples are not of methodological character, but they demonstrate



eertain results whieh are of great interest in seismology and in
seismie prospeoting.

In all the examples presented, we eonsider a souree with a
souree time funetion f(t) given by the formula:

. ' _. ‘ cf. «z:

“0%;
[sm(2at/T) 0.5 Sln(4?II/T)]‚ O=t:T,

(50)
, täÜ, t} T.

3.1. Verticalfy Inhomogeneous Media

First Exampla. First we will eonsider a classieal seismological
modeI: a homogeneous layer overlaying a homogeneous half-
spaee, with a point souroe looated at arbitrary depth (see Fig. l).
We seleot an explosive—type souree, with unidireetional radiation
eharaoteristio. The parameters of the model under consideration
are as follows:

spl/upzzüfi, vgl/1.232 =0.5,p1/p2 =0.8. The souree is loeated at
a depth of 2 km, the interfaee at a depth of 3 km. A number of
papers have been devoted to this problem. For example, Alter-
man and Karal (1968) have solved this problem by the method
of finite differenoes (with explicit sehemes).

The theoretioal seismograms of horizontal displaeement Ur
and vertieal displacement Uz for six distanees are shown in
Fig. 2.

An interesting effeot oan be observed in Fig. 2, in the
theoretioal seismograms of the vertieal component U2, for the
epieentral distanee R=Ü. According to geometrie ray theory the
eonverted PS wave (refleoted from the interfaee between the
layer and the halfspaee) should vanish for R=O. In Fig. 2,
however, the PS wave following the PP wave ean be seen
clearly, even for R=Ü. The amplitude of the PS wave at R=0
depends on the distanee of the souree from the interfaee and on
the elastie parameters of both media. The form of the PS wave
at R =Ü is the integral of the ineident P-signal. As the epicentral
distanoe inoreases, the form of the PS wave ehanges successively;
at larger epieentral distanees it is the same as the form of the PP
wave, with opposite polarity. Note that the souree time-funotion,
given by f(t), is differentiated in the explosive—type souree). It
should be noted that, for the souree depth chosen (about 2
wavelengths), the Rayleigh wave is too weak to be seen in the
seismograms.

Sacond Example. In this example, we eonsider a homogeneous
halfspaoe with a free surfaee. A point souroe of the vertioal-foroe
type is located at a depth of 2 km. Two waves are seen clearly in
the seismograms (Fig. 3) — the P wave, immediately followed by
the S wave. The pulse shape of the vertieal eomponent of the S
wave is the integral of fit) at small epieentral distances and
changes suooessively to f(t) as the epioentral distance increases.
For angles of ineidenee larger than sin"1(u5/ap), the S wave
ehanges its polarization from linear to elliptie.

Third Exomple. In this example, we eonsider a high-velooity
layer looated in a homogeneous halfspaee (see Fig. 4). We con-
sider a point SH-torque souroe loeated at the free surface. The
wave field eonnected with high-velocity layers has a number of
interesting peeuliarities. A oonsiderable amount of attention has
been devoted by various authors to the so-oalled ‘interference
head waves’ and to the ‘tunnel waves’. It is of great importance
to investigate the properties of these waves as a funetion of l/Ä2
(where l is the thiekness of the layer and ‚12 the wavelength
within the layer).
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Fig. l. Layered halfspace with an explosive point souree
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Fig. 2. Horizontal and vertieal displaoements Ur (dotiert rurae)
and Uz (solid eurve) on the surface of a layered halfspaee (2:0)
for different epioentral distanoes R. A point souree of explosive
type is loeated at a depth of 2 km, the interfaoe at a depth of
3km (vpl/vp2=0.5, 1251/152205, pl/p2:0.8). The souroe time-
funotion with a duration of l s is shown at the bottom-left.
At the top are shown P and S wave velooity—depth graphs and
the density-depth graph for the model used for eomputations
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U .1 U z 21m] 2M

2 Z: O km R: 0 km

Fig. 3. Horizontal and vertical displacements U, (dotted curve)
and Uz (solid curve) on the surface of a homogeneous halfspace
(2:0) for different epicentral distances R. An impulsive vertical-
force point—source is located at a depth of 2km. The source
time-function with a duration of 1 s is shown at the bottom-left.
At the top are shown P and S wave velocity-depth graphs and
the density-depth graph for the model used for computations
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Fig. 4. Thin layer embedded in a halfspace model of Fig. 4

The process generating the interference head-wave along a
thin high-velocity layer is closely connected with the interference
group of multiply-reflected waves propagating within the layer.
This interference group of multiply—reflected waves forms a
distinct wave. Computations show that the amplitudes of in-
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Fig. 5. Horizontal displacement U within the model of Fig. 4 a
depth of 3.25 km and at the epicentral distance 9 km for dif-
ferent l/ÄZ, where l is the thickness of the layer and ‚12 is the
wavelength within the layer. A point SH-torque source is lo-
cated at the free surface. The source time-function with a
duration of 1 s is shown at the bottom-left.
At the top are shown S wave velocity-depth and density-depth
graphs for the model used for computations

terference head—waves depend not only on l/Äz, but also on the
velocities inside and outside the layer. For a larger velocity
change (say, vsl/v82=0.5), the maximum amplitudes have been
observed for l/ÄZNOJ. The velocity of propagation of the in-
terference head-wave is approximately 6%—7% lower than the
velocity of head-wave propagation along an interface between
two halfspaces. For a smaller velocity change (vsl/vs2>0'7) the
amplitudes of interference head-waves decrease with decreasing
l/‚lz. The change of velocity is not observed in this case.

Another interesting non-ray wave, connected with the high-
velocity layer, is the tunnel wave (also called the screened wave).
The generation of the tunnel wave cannot be explained by ray
theory, it does not propagate through the layer along a ray-path,
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Fig. 6. Model of an anti-waveguide and corresponding rays
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Fig. 7. Horizontal and vertical displacements U, (dotted curve)
and Uz (solid curve) at the surfaoe of an inhomogeneous half-
space (Fig. 6) for different epicentral distances R. An explosive-
type point-source is located within the inhomogeneous anti-
waveguide at a depth of 1 km. The source time-function with a
duration of 1 s is shown at the bottom-left.
At the top are shown P and S wave velocity—depth graphs and
the density-depth graph for the model used for computations
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o. 1.5 3. 4.5 6. 7.5 9. 10.512. ”km) 1.1
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Fig. 8. Model of a waveguide and corresponding limiting ray
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Fig. 9. Horizontal displacement Um at the free surface of the
waveguide (Fig. 8) for different epicentral distances R. A point
SH-torque source is located at the free surface. Sa is a channel
wave. The souroe time-function with a duration of 1 s is shown
at the bottom—left. At the top are shown S wave velocity-depth
and density—depth graphs for the model used for computations

it ‘tunnells’. Only lower frequencies are tunnelled, higher
frequencies are screened. Thus, the dominant frequencies of the
tunnel wave decrease. The amplitudes of tunnel waves depend
on l/Äz; they decrease with increasing l/ÄZ.

Theoretical seismograms for various values of l/‚l2‚ for the
epicentral distance R29 km are shown in Fig. 5. The source is
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leeated GI] the free surfaee, the receiver, at a depth of 3.25 km
belew the high-veloeity layer (II51 /vsz=0.5). The wave observed
as the first arrival (5131) i5 the interferenee head wave. The
tunnel wave S 3 does net have a distinet oneet, its pulse shape
eorrespends appreximately te the integral ef the ineident pulse.

Fourrh Example. Now we will eensider a model with an anti-
waveguide (see Fig. 6). A point souree et" explosive type is
loeated within the inhomogeneeue anti-waveguide, at a depth ef
1km. Theoretieal seismegrams für feur epieentral distanees in
the shadow zone are Shown in Fig. 7'. The wave refleeted frem
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Fig.ll]. Theoretieal seismograms für a homogeneous spherieal Earth model (03:6.24 km/s, p=4.46 g/CmB) with a liquid eere für
different epieentral distanees B. A torque-type souree is loeated at a depth of 300 km and generates a pulse with a duration Uf 505.
The souree time-funetien i5 shewn at the bettom-left. At the right-hand side are P wave velocity-depth (tep) and density-depth
(bettem) graphs für the müde] used für eomputations
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the interfade Df the second Drder at the depth of 2.5 km is very
weak. A5 shown in Fig. 7, the shape of the diffracted wave
P* changes with increasing epicentral distance. The amplitude
spectrum 01° the diffracted wave is shifted t0 lower frequencies.
The prevailing frequency of the diffracted wave i5 about 30%

L.| 8-55“
EJJB- -

LL'HJ — -

-EI.IJEI - -

lower than the prevailing frequency of the direct wave in the
illuminated region. In Fig. 7, Dne can also observe the Ray—
leigh wave (denoted by R*). The displacement vectür üf the R*
wave rotates in the rz plane. This rotation can be seen Clearly
in Fig. 7.
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Fig. 12. Theoretical seismograms of P waves für
a liquid Earth model similar t0 the Jeffreys-
Bullen model für different epicentral distances 6').
An explosive-type source i5 located at the free
surface 3nd generates a pulse with a duratinn of
30 s. The source time-functiün i5 Shown at the
bottom—left
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Fig. l3. Theoretical seismograms of P waves für a liquid JeffreysüBullen model for different epicentral distances 9. An explosive-type
source is Iocated at the free surface and generates a pulse with a duration of 103. The source time-function i5 shown at the bottom-
left. At the right-hand side i5 a P wave velocity-dePth graph for the model used für Computations
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Fifih Exnmpie. Nüw we will consider a symmetrical sub—surface
waveguide. The müde] and corresponding rays are shown in
Fig. 8. The source radiates SH waves and i5 located 011 the free
surface. Für this müdel large shadow-zones are formed on the
free surface. The shadow zones are separated by illuminated
regions nr by regiüns where rays arte: fücussed. The zones Of
maximum energy nürrespünd t0 reginns where the boundary
rays tüuch the free surface (see Fig. 8). Theoretical seismograms
für this müde] are shown in Fig. 9. The characteristic peculiarity
nf these seismograms is the disappearance of first arrivals and
the increase in amplitudes nf second arrivals, Sa (the channel
waves).

3.2. Radiat'fy Symmetrie Medium

First Exampie. We consider a homogeneous spherical Earth
müde] (vs = 6.24 km/s, p : 4.46 g/cm3) with a liquid core. A torque-
type source i3 located at a depth nf 300 km and generates a
pulse with a period T=50 s. The corresponding theoretical
seismügrams, at the Earth’s surface, für epicentral distances from
9 220° t0 CH): 150° are shown in Fig. 10.

0 00 100 240 520 400 400 500 040

8-00“

B-7Ü°

E-BÜ“

E-QU°

Second Example. In Fig.11, theoretical seismograms am given
for the Earth’s surface für epicentral distances nf 35°, 45°, and
60° für the Gutenberg müde]. A torque-type source is lücated at
a depth of 28 km and generates a pulse with a perind nf 40 s.
The amplitudes of the direct SH waves are small compared t0
those of the ae wave and hence am nnt well Seen in the
seismograms.

Third Example. In Fig.12, theoretical seismngrams nf P waves
are presented für the Earth’s surface für epicentral distances üf
35°, 45°, and 60° für an Earth müde] similar t0 the Jeffreys—
Bullen model. An explnsion-type source i3 located at the free
surface and generates a pulse with a period Df 30 s. The mantle-
refracted wave i5 recorded as the first arrival.

Fnurth Example. In Fig. l3 theoretical seismograms Uf P waves
are presented für epicentral distances from 6° t0 26° für the
Jeffreys-Bullen müde]. An explosion-type Süurce i5 located at the
free surface and generates a pulse with a periüd üf 10 s. In the
Jeffreys-Bullen model the refracted wave i3 clearly distinguished
as the first arrival für all distances. This wave has maximum
amplitudes at 20°.
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Fig. l4. Thenretical seismograms for the components U, (solid curve) and U9 (dotted curve) at the free surface nf the müdel an the
right für different epicentral distances 9. A vertical-fOICe-typc sonrce is located at a depth of abüut 60 km and generates a pulse with
duratiün üf 20 s. The snurce time-function i5 shüwn at the bottom-left. At the right-hand side are P and S wave velücity-depth graphs
(tnp) and density-depth graph (botmm) for the müde] used für computati‘ons
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In Fig. 14 theoretieal seismograms are presented for epi-
central distanees nf 60°, 70°, 80°, and 90° für a vertieal-foree-type
snuree lücated at a depth ef about 60 km, generating a pulse
with a perind ef 20 s.

3.3. Diffractien by a Wedge und a Cylinder

First Exemplar. In Fig. 15, theoretieal seismograms for the dif-
fractien 01" a eylindrical wave by a wedge are presented. An
explosinn-type source i5 lecated at the point (12:22., (p0=45°)
where Ä. is the dominant wavelength. The seismograms have

...|...:...|...|...|__

Ö

been eomputed für 10 peints leeated on a semieirele with radius
12:21 at angular intervals of 20°, beginning with 90° (the first
point). The angle of the wedge is a=315°.

Seeond Exemple. In Fig. 16, the eemputed wave-field für the
diffraetion of a eylindrical wave by a eylinder i5 presented. An
explosien—type seuree i5 leeated at the peint (1:5 ‚1. The three—
dimensional representatien of the wave field is censtrueted in
the square abcd outside the eylinder, für a eertain instant ef
time. As ean be seen, fneussing ef the wave-field takes plaee
within the limits ab, a5 the veloeity in the eylinder i3 less than
that outside.

3K? (10%)

Fig. 15. Theoretieal seismegrams für 10
peints leeated en a semieirele with
radius 21 (‚l i3 the dominant wave-
length) für the diffraetien nf a eylindri-
eal wave by a wedge. The angle e: ef
the wedge is 305°. The seuree i5 Io-
eated at the peint deneted by the
asterisk
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Fig. 145+ Three-dimensinnal wave—field eenstrueted in the square abed für a certain instant ef time, für the diffraetiün 01° a eylindrieal
wave by a eylinder. A explosive-type souree is lecated Gutside the eylinder at the point 5 ‚l
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Conclusion

The method suggested has some advantages compared to known
methods of calculation of theoretical seismograms. It does not
require large amounts of computer store and is much more
efficient and accurate than ordinary finite-difference methods,
applicable to the solution of plane and axially-symmetric elastic—
ity-theory problems with coefficients dependent on one space
variable. It is not very difficult to apply the method to the
calculation of theoretical seismograms for inhomogeneous, an-
isotropic, viscoelastic media as well as to porous and prestressed
media, complete theoretical seismograms being computed in
each case.

At present the method has been developed further for the
calculation of theoretical seismograms for media whose parame-
ters are arbitrary functions of two or three space variables.
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A Characteristic Method for Numerical Solution
of the Inverse Kinematic Seismic Problems*

M.E. Romanov and A.S. Alekseev
Computing Center, Siberian Branch, Academy of Sciences of the USSR, Prospect Nauki 6, 630090 Novosibirsk, USSR

Abstract. The problem of determination of a multi-dimensional
velocity function, supposed smoothly dependent on coordinates,
from the observed travel-times is considered. An accurate math-
ematical formulation of this problem is obtained by formulating
an inverse problem for a Hamilton-Jacobi-type differential equa-
tion. A numerical algorithm is constructed for a medium with
velocity increasing monotonically with depth and slightly dif-
ferent from a linear function within any small domain of the
medium.

In seismic investigations a problem arises in correcting the
initial model of the medium, on the basis of comparison of the
model with the observed data. An approach to the solution of
this problem employing a linearized formulation of the inverse
kinematic problem and a numerical method for the solution of
some integral geometry problems are considered.

Questions of solvability, stability and practical applicability
of the methods developed are discussed.

Key words: Hamilton formalism — Ray method — Inverse
problems — Laterally inhomogeneous media — Numerical
solution.

Introduction

At present solution of inverse kinematic problems with the
assumption of a one-dimensional law of velocity—distribution in
the medium is widely used. Such models of real geological media
are, from the present-day Viewpoint, imperfect. Some progress
has been made in the application of mathematical modelling
methods to seismic wave-propagation in complicated media.
Inverse problems are solved by many of these methods in two
steps:

(a) determination of an initial approximation to the me-
dium;

(b) refinement of the model by optimization methods.
The paper deals with formulations and a numerical method for
the solution of these problems in the multidimensional case.
Although the problems and the method of solution considered
here are of interest in themselves, they are presented under the

* Contributed to the Workshop of the Commission on Con-
trolled Source Seismology (International Association of Seis-
mology and Physics of the Earth’s Interior), Karlsruhe, Federal
Republic of Germany, August 1—6, 1977

assumption that the procedures proposed can be applied to
seismic investigations1 .

An algorithm is described for the determination of a two
dimensional velocity-function, supposed smoothly dependent on
coordinates, from the observed travel-times of refracted waves.
An accurate mathematical formulation of this problem is
equivalent to the problem of the determination of unknown
functions in a Hamilton-Jacobi-type differential equation, de-
scribing the propagation of refracted waves in an inhomo-
geneous medium, on the basis of information available about
this equation.

In the multidimensional case, the mathematical study of the
inverse kinematic problem is one of the basic problems in the
theory of improperly-posed problems of mathematical physics
(Lavrentiev 1967; Lavrentiev et a1. 1970; Romanov 1974a). The
accurate mathematical formulation of the inverse kinematic
problem considered here was first presented by Belonosova and
Alekseev (1967). This paper presents a generalized statement of
this problem including the case of three-dimensional medium
with smooth interfaces.

Inverse Problems for Refracted Waves

Let us consider a two-dimensional medium, where the travel-
velocity distribution for seismic waves is described by the func-
tion v(€, 11) depending continuously on the horizontal variable f
and monotonically increasing with the vertical variable 17, which
characterizes the depth (Fig.1). Let us assume that, within any
small domain of the medium, the velocity function v(f, 11) differs
slightly from the linear function 5(6, 11):v0+v1 5+1)2 n, where
v0, v1, v2 are constants dependent on the size of the domain and
on the properties of the medium in this domain. In other words,
the assumption of a sufficiently-smooth change of the medium
properties is introduced.

1. As is generally well-known, the travel-time of a refracted
wave between the points A and B in the medium equals the
integral value

dS
v(€‚ n)1:1 (1)

1 Space does not allow presentation of all mathematical calcu-
lations and proofs, therefore presentation of some ideas is sche-
matic. But we hope that this will not present difficulties for
advanced readers

0340-062X/80/0173/50160
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Fig.l. Orientation of axes and labelling of ray-path in for-
mulation of the inverse problem

Fig. 2. Travel-time curves and their representation (p(x, y), x and
y are source and receiver coordinates. D is the lightened domain.
D* is the domain of stability of the inverse-problem solution

taken along the seismic ray-path connecting these points. Let A
and B lie on some straight line 11 :z parallel t0 the axis 0€ and
have the coordinates (x, z), (y, z) respectively. Different points A
and B on different lines correspond t0 different values of the
travel-time between them, or, in other words, the value of
integral (1) is a function of the coordinates of the ends of the
ray-path:

I =‘L'(X‚ y, z).

2. Now let a complete system of travel time curves of
refracted waves be given for the profile of observations of length
L (or within the interval [0, L] of the medium surface), i.e.‚ the
function ’L'(X‚ y, 0):gp(x, y) is known (Fig. 2). The principle of
reciprocity of the receiver-point and the shotpoint gives cp(x, y)
zgo(y‚ x), so one can limit oneself t0 the case x; y. So, in
consideration of the travel time-curve system, if (x,0) are the
shotpoint coordinates, then (y, 0) are the receiver coordinates.
Assuming monotonic velocity increase with depth for the obser-
vational system considered, the seismic rays fill-in the domain D
within the medium, limited by the boundary interval [0, L] and
the seismic ray joining the boundary points of the profile with
the coordinates (0,0) and (0, L). This domain is often called the
domain “lightened” by the given system of travel-time-curves.

The Gaussian curvature of a manifold whose metric is given
in the form dszzv‘2(€, n)(d.fz+d172) equals K202A ln v. Sup-
pose that everywhere in D, K 50. Then, making use of the
Gauss-Bonnet theorem, one can easily show the absence of
adjoint points (i.e.‚ intersections of geodesics coming from the
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same point or caustics of rays). Condition öv/Ön >0 provides the
return of the ray t0 the line n =0.

3. Let us set the inverse kinematic problem, i.e.‚ determine
the velocity function v({, 17) in the domain D using the observed
travel times cp(x, y) of refracted waves.

If the point A in (1) has the coordinates (x, 21), the point B
has the coordinates (y, 22), then I = T(x, zl, y, 22) is a function of
coordinates of A and B. With A or B fixed, one finds eikonal
equations

ÖT 2 8T 2 _2
(6T

’—
(ÖT)2_

_2
(Ö—y‘) +(ä2‘) —v 0422): 23—3?) +

Ö—Z—l
—v (95,21)-

Consider the functions zl(z)=z, 22(z):z, 1(x, y, z)
:T[x, zl(z), y, 22(z)]. Evidently, ÖI/Öx=ÖT/Öx, ÖI/ÖyzöT/Öy,
ÖT/ÖZ =ÖT/Öz1 + ÖT/Özz.
Now, expressing the right-hand side of the latter equality from
the eikonal equations, having made the necessary substitutions
and taken Ör/Öz<0 into consideration, with x< y, we arrive at
the equation satisfied by the function 1(x, y, z):

g+yf3(x‚z)— (g)2+w;(y‚z)— (3—910. <2)
Here f1 and f2 are related t0 the slowness at the points (x, z),
(y, Z):

f1(X,Z)=—U—1(X,Z), f2(y,Z)=U—1(y,Z).

An accurate mathematical formulation of the inverse kinematic
problem is given as the problem of determining the unknown
functions f1, f2 in the Hamilton-Jacobi-type Eq. (2), if

T(>c‚y‚0):<0(>c‚y)‚ DäxäyäL<oo (3)

4. With the above assumptions about the velocity, the char-
acteristic method is applied for the numerical solution of the
inverse problem as formulated, whose essence is as follows: with
f1 and f2 given [that is, given the function v(df‚ 17)], the solution
of Cauchy problem (2)—-(3) is equivalent to the solution of the
characteristic system of ordinary differential equations

dx_ p dy_ q
d2 ff-p", d2 f5 -q2

Öf Öf
fi—‘L 13—2“@__ Öx d_q:_ Öy

(4)dz fE—pz’ d2 fä—qz
with the initial conditions

X(0)=x0‚ y(0)=y°‚ Gäxoäyoglxoo,

Ö Örpp<0>=p°zä 0, q<0>=q°=35_0. (5)
15:50 y;y°

A pair of functions x(z), y(z) defines a seismic ray (its ascending
and descending branches respectively) joining the points (x, z),
(y, z). The travel-time ”L" [x(z), y(z), z] is found from the equation

d1 f2
:— f2__ 1 _ 2

(6)
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with the initial condition

“(1)210 =<0(x0‚ 170). (7)

Therefore the inverse problem is t0 determine the functions
f1 (x, z), f2 (y, z), which are part of the right-hand sides of system
(4), (6), using the data (5), (7). The domain Bc will be determined
in the form of a band, cut out of the domain D by the straight
lines 17 zkh and 17:(k+ 1) h, where h is the value of the numeri—
cal integration-step of system (4), (6), k:0, l, 2,

5. The numerical method for solution of the inverse problem
uses successive reealeulation of initial data (5), (7) along the
characteristics (rays), determined by the system of Eqs. (4), by
local determination of the functions f1, f2 in the domains 13c
using the following algorithm.

(a) Take k:0 (i.e., the given band PO, where ngh). Let us
determine within the domain ngygL<oo with 17:2:0 a
set M(k) of diserete points (x0, yo) rather densely distributed. For
example, let (x0, yO) coincide with the values of coordinates of
shotpoints and receivers respectively on the profile; the values
pO, qO, ”CO for all the points of the set M‘k) are calculated with
regard t0 (5), (7).

(b) Let us speeify a certain number ö and take two sets M25") and
M(Lk) from M(k) with the condition that the point (x0, yo) belongs
to Mg") if yO—xogö and it belongs t0 M‘Ä‘) if yO—x°>ö (ö is
chosen so that the points of M3k) are uniformly distributed along
the profile and the above assumption, that Iv—17| is small for all
the points of M55"), is satisfied.

(c) Let us consider the respective Cauchy problem (4) t0 (7) for
the points M55“. With the given assumptions of locality and the
choice of Mg"), in the Vicinity of each of (x0, yo), v(€, 17) differs
little from 116,17). Therefore, setting 12:17 in (4), (6), relations
expressing the parameters vo, v1, 122 in terms of po, qO, 10, x0, yO
are found (Romanov 1972), i.e., in the Vicinity of each point
(x0, yo)eM‘;‘) on the plane z=kh, parameters vo, v1, v2 of local
approximations 116,17) t0 the unknown velocity function v(€,17)
are determined within the band B:-

(d) Applying a method of smoothing by spline functions we sew
the local approximations 115,17) into the smooth function v(€,17)
within the band 11.

A stable solution t0 the inverse problem can be obtained
only as follows. Within the domain (Fig. 2) where the solution of
the inverse problem is sought, we define the domain D* as
limited by the set of points of maximum depth on each ray on
the given observational profile. The function 0(6, 17) can be stably
determined [according t0 items (C), (d)] only on the intersection
of the band B, and D*. Therefore we call D* the domain of
stability of the inverse problem solution.

(e) T0 determine v(f,17) outside the domain D* we use extrapo-
lation or some additional relations for characteristics (see
Sect. 3).

(f) Substituting the function obtained, v(ä,17), in the right-hand
sides of Eqs.(4) and (6), on the band I}, the Cauchy problem is
solved numerically, with (5) and (7) determined for each point of
M‘Z". As a result we have values of the functions x(z), y(z), p(z),
(1(2), r(z) with z=(k+l)h. Now a new set Mm“) is formed by
the points x(z), y(z) of the three—dimensional space {x,y,z}.

When solving the Cauchy problem (4) t0 (7) some charaeteristics
cross the plane given by the equation x = y in three-dimensional
space. As a rule these are characteristics originating from points
in M5,“. In further calculations those characteristics or rays,
whose depth of maximum penetration does not exceed z:(k
+ 1)h, d0 not take part, therefore MU” 1’ contains a smaller
number of points than M(k).

(g) Changing k into k+ 1, one should come back t0 item (b) if
MU” 1) contains at least one point.

Thus, the algorithm described realizes a reeurrent process of
successive determination of v(cf,17) within the domain D of un-
iqueness of the solution of the inverse problem. Here a stable
function 115,17) is generated in the domain D*; the accumulation
of resultant errors is generally caused by the necessity of using
unstable extrapolation procedures beyond the stability domain
D*.

Nevertheless, note that in actual observational systems (es—
pecially in seismic prospecting) the range of observational pro-
files exceeds the maximum distance between the source and
receiver in this system:

(2132:)3)|y0—x0|<L.
Then the domain of

instability D\D* is significant for determination of the velocity
in D*. Therefore the algorithm with linear extrapolation of the
velocity function from D* to D\D* is t0 be applied, for the
interpretation of the data from such observational systems.

Method of Refinement for Models of the Medium

The inverse kinematic seismic problem is nonlinear, since seis-
mic ray—paths are t0 be determined along with the velocity
function. In some cases the linear inverse problem can be
formulated.

In seismic studies an approximate model of the inhomo—
geneous medium investigated, or some velocity function 120(5, 17)
can be given on the basis of some a priori data or by approxi-
mate methods employing different information in the observed
wave field. In particular, the inverse kinematic problem of the
determination of the velocity function 110(5, 17) making use of the
observed travel time eurves of refracted waves go(x, y) has been
considered (see Sect. 1).

Application of the eharacteristic method results in the func-
tion 110(5, 17):v(6,17)—Av(ä, 17) where Av(6,17) is a velocity
variation — smaller than v0(f,17).

Now consider the problem of determination of Av(äj,17) from
the difference Ago(x, y) of the observed travel time eurves qo(x, y)
and calculated travel time curves c(x, y). This problem was
considered in Romanov (l974a) and in Lavrentiev and R0-
manov (1966) and is reduced t0 the so-called “problem of
integral geometry”, if the velocity function v0(5,17) is such that
the seismic ray y(x0, yo):710 connecting the points (x0,0) and
(yO, O) is strictly inside that part of the medium that is limited by
the ray eonnecting (x1,0) and (y1,0) with the condition
05x1 <xO <y0 <y1gL. This is a linear inverse problem since 710
is given. It can be solved numerically by the characteristic
method (Romanov 1975).

In fact, let us (similarly t0 Seet. l) introduce the function
Av

i//(x,y,z):yjoAn(5‚’7)dS1
An:

—W

where 710 is the seismic ray in the medium with the velocity
1206,17) connecting the points with the coordinates (x,z), (y, z).
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Then we arrive at Hamilton-Jacobi equation (see Romanov
1975)

511t aw aw f1 f2-—— 9
Öz 16x ()

satisfied by the function tß(x,y,z). Here 81, 62 are the angles
formed by the axis 0€ and the tangents at the points (x, z), (y, z)
of the ray 12°.

The functions

fl(X,Z)=—AH(X,Z)‚ f2(y‚z):An(y‚Z)

are t0 be determined by the given function

W(x‚y‚0)=A</>(x‚y) (10)

and the rays 12° determining the angles 691, (92.
Thus we have an inverse problem similar t0 that considered

in Sect.1 with the only difference being that the rays in (8) for
the model vO are given. Hence one can apply the above charac-
teristie method for determination of the velocity model cor-
rection Av(f, 77).

Note that initial condition (10) of this problem is approxi-
mate if x//(x, y, z) is introduced in accordance with (8). Condition
(10) is determined t0 within small values of the order of (A v)2
(Romanov 1974a). Therefore, considering 121(6, n):v0(€, 17)
+Av(€, 11) as a new approach t0 the real velocity function, a new
correction can be determined. In other words the method of
refinement described for the model of the medium can become
the basis of the method of successive approximations for the
solution of a multidimensional inverse kinematic problem.

Discussion of the Results

1. The investigation of the multidimensional inverse kinematic
problem is closely connected t0 that of inverse problems for
differential equations and a number of papers of theoretical
character have been devoted to the determination of conditions
for the uniqueness of solutions. From the point of view of
practical applications, the statement of the inverse kinematic
problem with initial data on that part of the boundary of the
domain where solutions are being sought is most important. It is
in this problem that there are some principal difficulties, since
the inverse problem here belongs t0 the elass of improperly-
posed problems.

In a case where the initial data are given on the whole
boundary of the domain of solution, as recent investigations
have shown (Mukhometov 1975), the inverse problem appears
correct. Geophysical interpretation of this result is that, if the
travel-times of a seismic wave between any pairs of points of the
boundary of domain, where solution is being sought, are known,
the velocity function is determined, stable and unique if it is
such that the corresponding family of rays have no caustics,
A lnn.

First results on the multidimensional inverse kinematic seis-
mic problem were obtained (Lavrentiev and Romanov 1966;
Romanov 1974a) making use of a linearized method. The ve—
locity distribution of seismic waves on the Pamir-Baikal profile
was investigated on this basis (Alekseev et a1. 197l). Uniqueness
of the solution in the elass of analytic functions was proved in
Anikonov (1969, 1971). In Romanov (l974b) a fairly wide elass
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of functions with unique solutions has been presented, that is the
class of functions n(x‚ y)e C 3(D), satisfying inequalities
agn(x‚ y)gb‚ a; —n’y(x, y)gb’ in D and presented in the form

f [n(x‚y)] = Z 10k(X)I/Ik(y)
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7 km

1 max E(x),%

10
E — error function of "continued" problem

(D‘C DCD*C 15)

5
.

O 2 4 6 X

1* | k
X

1.6"
l

Fig. 6. Results of the regularization experiment for Test I . Dashed
lines correspond t0 boundary of stability domains, D, D* are
uniqueness and stability domains of the original problem, D, D*
are the same domains of the continued problem. 15* contains D,
therefore the error-function in D of the continued problem is less
than the same function of the original problem (see Fig. 3b)

where

n(x‚y)=v—l(x‚y)‚ x:(xl""’xm)’

D:{(x,y): |x|<oo,OgyäH}‚
(pkeC3(R"'), wkeC3[O,H], a’,b’.

a, b, H are positive constants, f (2)6 C3[a, b],
variable y being the depth.

Another approaeh to the investigation of uniqueness of
solution of multidimensional inverse problems is described in
Anikonov (1971). For the case where the travel time curves
satisfy some differential equation, then the velocity function
satisfies a corresponding differential equation. On the basis of
this approach a number of particular solutions of the multidi-

| f’(z)| >0, the

7 8 (kilometeisl
5

Fig.5.
Example of the velocity
cross-section based on seismic
prospecting data and regenerated
by the characteristic method
(values of isolines in km/s)

mensional inverse kinematic problem are obtained (Anikonov and
Shasheva 1971; Anikonov 1974). In Jobert (1973) a method for
an approximate inversion of the travel-time curves is presented
for the three-dimensional case where the surfaces of equal
velocity are planes with an infinitesimal dip. In this case our
method gives a eomplete solution for any dips.

2. In our opinion the approach considered here for the solution
of the multidimensional inverse kinematic problem has possibil-
ities applicable t0 the creation of efficient algorithms. A set of
programs in ALGOL-60, implementing the above characteristic
method for processing real data, obtained from observational
systems, was created in Novosibirsk Computing Center, Siberian
Branch of the USSR Academy of Sciences. In Figs.3 and 4
results of test calculations by the characteristic method are
shown. An example of isolines of velocity functions generated
from the real velocity data are shown in Fig.5. Data from
prospecting profiles, of average length 130km, have been pro-
cessed by the characteristic method. The results obtained were
used for estimating the velocity parameters of the upper part of
the cross-sections of Siberian platform.

3. In the course of numerical experiments it was found that in
the uniqueness domain D of the inverse problem the stability
domain D* is distinctly determined. This domain is the set of
deeper points of rays in the given finite interval [0, L] of
observations (p(x, y). Outside the domain D* the solution of the
problem is generally unstable.

If the initial data qo(x, y) for problem are given on the whole
boundary of the halfspace n20, then D={(6,n): n20} and D*
=D. In this case the problem is correct (Mukhometov 1975),
since the instability domain is absent. But in our problem the
data are given on the segment [0, L] thus giving rise t0 the
instability domain D\D*. Therefore our problem belongs t0 the
class of improperly-posed problems. In order t0 obtain the
solution of the improperly-posed problem one should employ a
proper regularization method.

However, taking the remark at the end of Sect.1 into ac-
count we can limit ourselves by linear extrapolation of the
values f1 (or f2) from D* t0 D\D*.

The problem can be regularized in three ways. Firstly, if the
initial data are continued smoothly beyond the interval of
observations, then the stability domain of the continued prob-
lem contains the uniqueness domain of the original problem
(Fig. 6). In this case an implicit connection between velocity
values in D* with velocity values outside is introduced. Numeri-
cal analysis (Romanov 1972) has shown that stability in D can
be essentially increased in this way. Secondly, fixing the class of
velocity functions where the solution is being sought, one may
try t0 find integrals of Hamilton system (4), (6), thus introducing
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additional relations on characteristics, determining an explicit
connection between the values f1, f2 in D. Thirdly, one should
consider additionally the variation along the rays of the value

Ö
m52: _W12_p2 —l/f22—q2-

If the value r(z) on the ray is known then the value f2 is
determined from this relation making use of the value fl in D*
(or, on the contrary, making use of the value f2 in D*, f1 is
determined outside D*). In this case the Hamilton-Jacobi equa-
tion itself is the additional relation which conneots the values f1
and f2 at the ends of rays.

Stability is also affected by errors arising in numerical im-
plementation of the method: these are errors in obtaining local
approximations by the linear functions 176,11), errors in numeri-
cal integration of Eqs. (4), (6) and errors caused by inaccurate
initial data (5), (7). However, their estimations require a special
discussion and here we note only that an error introduced in
local approximation is easily estimated by the method described
in Sect. 2. This error is proportional to h2 and depends on
estimations of higher derivatives of the velocity function. To
decrease this error in the program for solution of the inverse
problem, two blocks are provided: a spline-smoothing block and
a block for integration of Eqs. (4), (6) at UEÜ with the step 0.1

>< h.
The numerical method described for solving the inverse

problem is known to have an error of second order in ap-
proximation.

4. As compared to other approximate methods employed in
seismic practice the methods considered are based on the ac—
curate statement of the inverse problem under conditions pro-
viding uniqueness of the inverse-problem solution, i.e., under the
a priori assumption of a velocity increase with depth. It is
essential that the function of two variables <p(x, y) given in the
domain P={(x,y): ngygL<oo} is used as the data. The
characteristic method considered is based on the discrete set of
points (x0,y0)eP where the values q)(x0,y0), Ö(p(x°,y°)/Öx,
Ögo(x°, yO)/Öy should be given. Therefore, a dense distribution of
the points (x0, yO) is neoessary both for qualitative approxima-
tion of (p(x, y) and for the determination of the derivatives
Örp/Öx, Örp/Öy and the details of the velocity law v(ä, 17).

The greater the density of points (x0, yO) in the observational
system, the better the results.

5. The inverse problem can be also solved when the function
gp(x, y) is ambiguous (in the presence of loops). In this case, from
some point (x0, y°)eP, where (p(x, y) is ambiguous, rays originate
at various angles [different pairs po, qO in (5)].

6. Seotionsl and 2 describe concrete applications of the theory
of Hamilton formalism to the solution of problems in the case of
a two-dimensional medium. This formalism can also be applied
in the three-dimensional case. In this case the vector-functions

X(Z) 2 [X1(Z)‚ x2(Z)]‚ y(Z) “—- [y1(Z)‚ y2(Z)]‚P(Z) = [P1(Z)‚p2(Z)]‚
q(z) :[q1(z), q2(z)] should be considered instead of x(z), y(z), p(z),
q(2).

Equation(2) also describes the kinematics of reflected waves
(see Sect. 4) and the kinematics of waves in a medium with
curvilinear interfaces. Therefore the development of this ap-
proach to kinematic problems opens possibilities for the de-
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moving point: M = (x‘,z*)

Fig. 7. Orientation of axes and labelling of ray—path and ve-
locity-interface in formulation of the variational problem

velopment of computerized systems of real seismic-data-process-
ing in for example reflection and refraction profillng and seismic
deep sounding.

The Characteristic Method —
an Application of Hamilton Formalism t0 Kinematic Problems
for Multi-Dimensional Media

Let us consider some general ideas on the application of Hamil-
ton formalism to the kinematic seismic problems. For the sake
of simplioity we will restrict ourselves to a two-dimensional
medium with one smooth interfaoe, since all the results are valid
for three-dimensional and multi—interfaced media.

Let (6,11) be a point in the half-space n20 (Fig. 7), 0(6, n)—a
velocity function with discontinuities on the interface n=h(6).
Consider a ourve y connecting those points in the medium with
the coordinates (x, z), (y, z) and consisting of two branches y,
={(ä‚ i1): €=X(n)‚ Oäzgnäfi} and v2={(6‚n)r €=y(n)‚
0 gz g 11 g 2*}. For all ne[z, 2*], x(z*) =y(z*) :x*, i.e., (x*‚ 2*) are
the coordinates of the interseotion of the branches. Let us define
a plane G in the three—dimensional space of the variables {x, y, z}
by the equation x: y and the interface F : {(x, y, z): x: y:ä, z
:h(6)}. Then all the kinematic seismic problems connected with
waves refracted and/or reflected from F lead to the consider-
ation of a variational problem of minimizing the functional J(y)
with a moving point (x*,x*,z*):

Jo) = l L(x(n)‚y(n>‚x(n)‚ y'(n)‚ mdn (11)
where

L:f1[x(n)‚n]W—fzommn/TW‚

x=:—:‚ wg: (12)
f1[X(n)‚n] z —W‚ f2[y(n)‚n] 2W”
For the case of refracted rays the moving point is (x*,x*,z*)eG
and for the case of the rays reflected from F, the moving point
belongs to the manifold F.

If the curve y is an extremal, i.e., if it realizes the minimum of
the functional J (y), the pair of functions [x(z), y(z)] form a
seismic ray: either refracted, if (x*, x*, z*)eG, or reflected from F,
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if (x*,x*, 2*)eF. Here J (y) becomes a funetion of the coordinates
of the finite end-points of the extremal y: J(y)=r(x‚ y, z); the
value of this function coincides With the travel-time from the
point (x‚z) t0 the point (y, z) and is sometimes called the
geodesic distance or eikonal (Courant 1962). The point
(x*‚x*,z*) along with manifolds G and F will be called initial
according t0 r(x*‚x*‚z*)=0. On the initial manifolds G and F
there are transversality conditions, which are obtained from
stationary state conditions of the functional J (y) With a moving
end. In the case of refracted rays we have

>5(Z*): -J"(Z*)= 00 (13)

and in the case of reflected rays (Elsgolz 1969) one can easily
obtain

h’+>&
+ h'+y'

Vfixz 1/1+)>2

as the condition, describing the law of ray reflection for the
moving end.

Considering the function r(x‚ y, z), introduced in the way
described above, a theory of direct and inverse kinematic prob-
lems in an inhomogeneous medium with interfaces can be
developed in the most natural form. Here one may use Hamil-
ton formalism, developed in analytical mechanics, in variational
calculus, in the general theory of equations of the first order
partial derivatives, as well as in other fields of mathematics, for
example, in the theory of optimal control. The application of the
results of the latter is especially interesting from the point of
view of creating algorithms for the solution of kinematic prob-
lems.

It is known (see Sect. 1) that r(x‚ y, z) satisfies the Hamilton-
Jacobi equation

2—} |/f3(x‚z)— (ä) + I/f22(y‚z)— (S—y) =0
where f1 : —v‘ 1(x, z), f2 zv'1(y‚z). If z =0 is the Earth’s surface,
then in direct seismic problems the problem of determining the
function

_dh
d5 €=x*

__ / (14)

(15)

T(>c‚y‚0)=<0(x‚y)‚ 02xäyäL (16)

is posed, with a function of velocity distribution v(€‚r]) and the
interface F given (or functions f1, f2 in Hamilton-Jacobi equa-
tion). Here the function <p(x‚ y) presents a complete set of travel
time curves of refracted or reflected waves.

The inverse problem, of the determination of the veloeity
funetion v(€‚ 11) and the interface F, can now be posed, using the
Observed travel time curves, as an inverse problem for the
differential Hamilton-Jacobi equation.

In kinematic problems it is natural t0 pass on t0 the system
of ordinary differential equations equivalent t0 the Hamilton-
Jacobi equation and t0 determine characteristic curves (from the
Hamilton system we have dz/ds:1‚ where s is a parameter,
therefore the parameter s is identified With z)

dx_ÖH
—\ __ dy_ÖH
dz— Öp’ dz_ Öq’

dp_ ÖH dq_ ÖH
dz——Öx’

_ __ 17d2 öy’ ()

dr ÖH öH__= __ __._ 18
dz p Öp +q öq ( )

dr_ ÖH
19dz— Öz ( )

where r is a dual variable With respect t0 z. The system (17) is
complete and if the solution of the system is known, then r(z)
can be found by integration from (18). Equation(19) determines
the characteristic function r(z), which can help in solving the
inverse problem. In (17)—(19) the Hamilton function is expressed
With independent variables

H:H(x‚y‚p‚q‚z)=1/f3(x‚z)—p2+ f22(y‚z)—q2. (20)
In direct problems the Cauchy problem is considered for the

canonical Hamilton system (17) and Eq.(18), With the initial
conditions defined at the moving end. For refracted waves these
initial conditions are of the form

X(Z*) =X*‚ y(Z*) =X*‚
q(Z*) = f2(X*a 2*),

p(Z*) :f1(X*v 2*),

r(z*) zo. (21)

For reflected waves the initial conditions are different only for p
and q:

p(Z*)
zu

X(Z*)‚
]/ 1 +J€2(z*)

q(z*) —/2(x*‚ 2*) y'(z*)‚ 2* =h(x*). (22)ZV1+y'Z(z*>

The values x, y are given in accordance With (14) and determine
various values of the reflection angles from the same interface
point.

Note that in the case of a three-dimensional medium x, y, p,
q are vector-functions x=(x1‚x2), y:(y1,y2), p-—-(p1‚p2), q
= (q 1 ‚ q 2)-

In inverse problems unknown functions f1(x,z)‚ f2(y,z) [or
the function v, see (12)] are included in the right-hand sides of
(17) — (19) but the final conditions With 2:0 are given:

Öx<0):x0‚ y(0)=y0‚ p(0):Ö—"’ ‚
X x=x0

y=y°

0, r(0)=go(x°‚y0).
x
yO

8(‚00 2—q( )
Öy x:

y:

Some assumption (see Sect. 1) about the medium and a particu-
lar choice of the points (x0, yO) on the plane 2:0 allow one t0
determine f1, f2 approximately, thus reducing the inverse prob-
lem t0 the Cauchy problem similar t0 (l7), (l8), (21), the inte-
gration of system (17)—(18) being in reverse order (i.e. from the
final t0 the initial point).

Thus the geodesic distance r(x, y, z), introduced in the above
manner, allows one to consider kinematic seismic problems in
inhomogeneous media from a uniform viewpoint.

The approach described is called a characteristic method
since its essence lies in the use of the notion of the characteristic
curve, i.e., of the ray [x(z), y(z)], along with travel time r(z).
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Geomagnetic Induction Studies in Scandinavia
I. Determination of the Inductive Response Function from the Magnetometer Array Data

A.G. Jones
Institut für Geophysik, Gievenbecker Weg 61, D-4400 Münster, Federal Republic of Germany

Abstract. Data from the Münster IMS Magnetometer Array
(Küppers et al. 1979) have been analysed in the frequency
domain to derive the inductive response function, C (ca, 0), from
the ratio of the vertical magnetic field to the spatial gradient of
the horizontal magnetic field. The response function was best
determined by statistical frequency analysis techniques after the
spatial gradients had been derived by least-squares fitting of
two-dimensional second-order polynomials to the obser-
vations, with the constraint imposed that the solutions be curl-
free.

The derived response function was found to obey two dif-
ferent causality requirements, and most of the inequality con-
straints imposed on it (Weidelt 1972). A preliminary model, in
which conductivity is a function of depth only and which
explains the major details of the observed response, is presented.
It has a highly resistive uppermost layer of some 104 Qm and of
the order of 30 km thick, underlain by a layer of about 125 Qm to
a depth of around 140 km, where a transition takes place to a
highly conducting (3 Qm) half space.

The effect of various non-uniform sources on the obser-
vations of C (a), k) for this 1D model is illustrated.

Key words: Magnetometer arrays — Response function analysis
— Geomagnetic induction studies in Scandinavia.

l. Introduction

This is the first in a series of papers treating various aspects of
geomagnetic induction in Scandinavia as observed by the
Münster IMS Magnetometer Array (Küppers et a1. 1979) and by
concurrent telluric field recording at some locations. This paper
will deal prineipally with the inductive response function,
C(co, k), its properties, its determination and its validity, from
magnetometer array data. Other papers will be concerned with
the more traditional geomagnetic depth sounding (GDS) and
magneto-telluric (MT) techniques, modelling studies, and a
geophysical interpretation of all the results obtained.

Geomagnetic induction studies using large arrays of magne-
tometers began with the introduction of a cheap but very
fieldworthy instrument by Gough and Reitzel (1967). Since that
time, many array studies have been made in various countries
(see the map of world activity in Lilley 1975) and reviews by
Porath and Dziewonski (1971), Gough (1973 a, b), Frazer (1974)
and Lilley (1975) summarise the usual methods employed to
analyse and present the data. These comprise qualitative analysis

methods; e.g., mapping Fourier terms, induction vectors, in-
spection of magnetograms; quantitative analysis methods; e.g.,
separation of internal and external parts, determination of hori-
zontal layering from Z/H ratios, determination of horizontal
layering employing the ratio of the vertical field to the spatial
gradient of the horizontal field; and madelling techniques, from
primitive depth—of-line-current determinations to general 2D or
3D numerical or analytical techniques.

Of all these, the method involving the determination of the ratio
of the vertical magnetic field to the horizontal spatial gradient,
hereafter referred to as the HSG (horizontal spatial gradient)
method, has attracted the least interest. Since the relationship
between this ratio and the magnetotelluric impedance was
shown by Schmucker (1970), Kuckes (1973 a, b), and in a global
sense by Berdichevsky et a1. (1976), this HSG method has only
been appied to magnetometer array data by Kuckes (1973a),
Lilley and Sloane (1976) and Woods and Lilley (1979). The
first two studies cited above derived the spatial gradients
from published maps of the Fourier horizontal field com-
ponents, which did not permit any determination of the coher-
ence between the vertical field and the horizontal spatial gra-
dient field. Woods and Lilley fitted fields at Fourier harmonics
to three complex two-dimensional surfaces, one for each com—
ponent, but restricted themselves to quiet daily variations and
the first four harmonics thereof. .

In this work, the spatial gradients are determined by least-
squares fitting of 2D second-order surfaces to the observed fields,
with the curl-free constraint imposed on the solutions, and the
inductive response function is derived by statistical frequency
analysis methods, with corresponding coherences and confidence
interval estimations. The response function can be determined
down to short periods (100 s) due to the large gradients observed
at these periods in the auroral zone. The derived function is
tested for physical realisability, i.e., causality and validity, and a
preliminary one-dimensional model that explains the major
details is given. The effects of non-uniform source fields, in the
form of non-zero values for Price’s (1962) wavenumber, and of
Gaussian electrojets on the theoretical response function caleulated
from the l D model is illustrated.

2. Theory

In this section the inductive response function is defined and its
properties stated. For a complete exposition, the reader is re-
ferred to Schmucker (1970), Weidelt (1972, 1978), Kuckes
(1973 a, b) and Lilley (1975).

0340-062X/80/0181/50280
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2.1. The Inductive Response Function C (a), k)

Defining the inductive response function, C(a), k), for a single
wave vector field k: (k k ), by the relationshipx, y’

C(co,k)= Hz(w) ‚ . (1)Ö Ö
—H —H.

where k=(ki+kf‚)%, the absolute value of the tangential wave
number (k=27r/‚l)‚

and H(a))=(Hx(a)), Hy(a)), Hz(a))), the three orthogonal com-
ponents of the magnetic field at frequency a),

it is simple to derive that, over a 1D earth (i.e., conductivity a
function of depth only, 0(2)), this function is related to the
magneto-telluric impedance function n(a), k), by

Garn: 1 Zwmrm (D
1a) 0

(Schmucker 1970; Kuckes 1973a, b; Schmucker and Weidelt
1975). This is a direct consequence of the fact that, for a 1D
earth, the magneto-telluric impedance tensor, Z, assumes the
well-known Cagniard type form, viz.

Z=L2 2:]xy

(Cagniard 1953). Following the notation of Weidelt (1972), the
real and imaginary parts of C (a), k) shall be denoted by g(co) and
—h(co) respectively, from

C (a), k) = g(co, k) — i h(a), k). (4)

2.2. General Properties of a Response Function

Consider a simple time-independent linear system as illustrated
in Fig. 1. The input, i(t), is related to the output 0(t), by the
convolution integral

0(t)= T h(’C)i(t-T)d1’

where h(r) describes the dynamic characteristics of the system,
and is commonly termed the impulse response function. The
function h(r) must display certain characteristics if the system is
to be physically realisable; it must not respond before receiving
any input. This causality condition requires that

h(r)=0 r<0 (5)

hence the integral should only be determined in the range (0, oo),
i.e., for all positive lags.

Fourier transformation of the above convolution integral
yields

omn=Hum.uw) m)

where‘H(co) is termed the transfer function and is related to h(r)
by

H(a))= T h(r)e'jmdr.
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i(t) olt)hl'E)

Fig. l. Single input — single output linear system with the input, i(t),
related to the output, 0(t), by the dynamic characteristics of the system,
[1(1)

As shown by Solodovnikov (1952), (repeated in Kanasewich
1973), the real and imaginary parts of a causal transfer function
describing a linear system are not independent, but are related
by the Hilbert transform, viz.

Hl(w)d
ooco— wd (7 a)1HR<w>=mHiwn=——P l

_R__H(W)d1Hliww— —%{Hk(w)}—— 7P im (7b)
where HR(a)) and Hl(a)) are the real and imaginary parts of H (w)
respectively, and P denotes the Cauchy principal value of the
integral. For minimum phase systems, the relationships may be
rewritten to show that if H(a))=|H(a))lei"’(‘”), then log|H(a))| is
related to (Neu) by the Hilbert transform. Relationships (7 a) and
(7b) are termed the Kramers—Kronig relations in atomic scat-
tering theory and Bode’s relations in servo-mechanics.

2.3. Properties of the Inductive Response Function

The inductive response function, C (a), k), as defined by (1),
possesses certain properties due to the fact that the earth has a
finite, positive conductivity, i.e., 0<a<oo. Recalling that C= g
—ih (dependence on frequency and wavenumber assumed), and
defining the operator D to denote

co_df_ df df
d—w dlogco= dlogT’Df=

the following inequalities apply (Weidelt 1972, Eqs. 2.30—234)

ggO 1220, (8a,b)

DgäQ (Q
Og—DICIgICI, (9a‚b)
|DC|gh‚ |C+DC|gg, (11a,b)

|D2C|gh‚ |C+2DC+D2C|gg. (12a‚b)

The limiting values of the terms g and h at high and low
frequencies are

ätanh(kd) for w—>0 (13a)
g: 1

——-——, for w-+_-l;oo‚ (13b)
(2|wl/1001)i

h:
0 for a)—>O (13C)

i1
W for co—->ioo (13d)

where k is as given in Eq. (1)
d is the depth of the perfect conductor
01 is the conductivity of the top layer
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and ‚uo is the permeability of free space,
and the function C satisfies

C(-w)=C*(w) (14)

such that g is symmetric and h anti-symmetric about the co=0
axis.

As shown by Weidelt [1972, Eq. (2.19)], the inductive re-
sponse function admits the representation

_°° a(/l)

C(co)—äl1+jwd‚l

where a(‚l) is a generalised function given by

a(/l)= — lim LIm(C(j/1+13));0
8—>+0 7T

(Schmucker and Weidelt 1975, the non-negativity of which
ensures that C must be a smooth function of frequency. Using
the result '

1 oo ejwt 1 oo
ejwt__ ____ *d

27: _OOÄ+jw
a)

27rj_oo w—j/l
a)

_ 0 t<0—
e‘“ t>0

(Ä>O) obtained by closing the contour for t<0 in the lower co-
halfplane, and for t>0 in the upper, it follows that

l 00 .
C(t)=fi _500

C(a))e"‘”dco

_ 0 t<0

5a(/l)e—Ätd/l t>0
o

which gives direotly the eonsequence that

c(t)>0 for 0<t<oo.

This constraint that the function be a positive real function has
applications in many branches of physios, for example, that the
Laplace transform of a linear network driving-point-impedance
be a positive real funetion is one of the necessary conditions in
order for it to be realized as a Brune or Bott-Duffin network
(Ferris 1962).

Further restrictions on the necessary form of c(t) may be
derived by differentiating c(t) with respeot to time. This yields
that in the range 0<t< oo,

C’(t)<0, c” (t) > 0, c’” (t) < 0

CtC.

These oonditions on the sign, slope and curvature result in a
very strong constraint on the permitted form of the earth’s
inductive impulse response function, c(t).

3. Determination of C (w, k)

To determine C (a), k) from Eq. (l), it is necessary t0 derive the
spatial gradients of the horizontal field component at eaeh
frequency. This was accomplished in this work by fitting a
second order 2D polynomial of the form

H(x,y)=h0+h1x+h2y+h3x2+114y2+h5xy+öHx (15)

(similarly for D and Z), to the real and imaginary parts of eaeh
of the 3 components at eaeh Fourier harmonic. (Note: to ease
notation, the forms HxEH‚ HyED and HZEZ have been used.)
This is exactly the same procedure as that adopted in a similar
analysis by Woods and Lilley (1979).

However, in order to determine surfaces which were as
physically meaningful as possible, the solutions were eonstrained
to be curl-free, that is

ÖHx_ÖHy
Öy

_
Öx

thus permitting no vertioal eurrent flow, jz=0.
This causes a eoupling of the surfaees for (H, D) because

ItZ—dl,
2h4=d5,

h5=2d3,

must be upheld for a eurl-free solution. Hence, the two inde-
pendent equations for H and D of 6 eomplex unknowns each,
are reduced to a combined form of 9 complex unknowns. This
necessitates information from a minimum of 5 stations, eaeh
station eontributing 4 degrees of freedom to the solution, the
locally observed real and imaginary parts of the two horizontal
components.

The spatial gradient terms at the origin are hence

ÖHx 8Eh
Öx 1

ÖH
J’Ed

Öy 2

and the denominator in Eq. (1) is (h1 +d2).
For the value of Hz(co), 2D surfaees of the form of (15) were .

also fitted to the observed vertioal fields. This was because what
is being attempted by this method is the derivation of a parame-
ter that permits interpretation in terms of a regional 1D con-
ductivity-depth distribution, and not one that is grossly per-
turbed by local induction anomalies. In this respeet, the vertioal
magnetic field component observed at any one location may not
truly reflect the regional field, but may be — and often is — highly
indicative of more loeal structure. Hence, to try to remove this
local effeet at the oentral point of the investigation area, the
observed Hz variations were also fitted by the polynomial of
form (15). Thus, the numerator in Eq. (1) is (20).

One very important consequence of representing the field by
a polynomial of second order is that the relationship (1) reduces
t0

N

HZC(a),0)—
ö

H
ö

HÖx x+ay y
(Weidelt 1978, 142—143), where Ü (x, y, O) is the magnetic field
determined from fitting equations of the form (15). Thus, the
derived inductive response function oan be interpreted without
regard to non-uniform source field configuration, and is hence—
forth written as C (w).

Three techniques were compared to determine estimates of
C (c0) from the derived horizontal spatial gradient and smoothed
vertioal field terms.
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Method 1. At eaeh Fourier harmonic, j, the raw inductive re-
sponse function Cj(w) was derived from

A _ (Zo)
Cj—(hi‘l‘dz) (16a)

(dependence on frequency assumed). These C’s were then band-
averaged to give a smoothed C with the acceptance criteria that,
for eaeh estimate, inequalities (8 a) and (8b) be upheld, i.e., Real
(C)>0 and Imaginary (C)<O. Hence, estimate (l) is given by

51(Ö)=<Cj(w)>-
Method 2. The raw estimates of numerator and denominator of
Eq. (1) were frequency band--averaged, and the smoothed C2 was
given by

(16b)

<(Zo)> _
((hi +d2)>

Method 3. Equation (1) describes a linear system with an input
related to an output by an impulse response function, or, in the
frequency domain, a frequency response function. This is illus-
trated in Fig. 1. In this formalism, Eq. (1) can be oonsidered
exactly as Eq. (6) with

C-z (65) = (17)

ÖHx(w) + ÖHy(a))
I(w)2

Öx Öy
(18a)

0(0)) E Hz(a)), and (18b)

H(a))EC(a)) (18C)

Eq. (5) may be solved by method of cross-spectral analysis
invoking the Wiener-Hopf integral equation and the Wiener-
Khintchine theorem, to derive the least-squares estimate of
H(a)). However, as shown in Jones (1980), there exist two possible
forms of the least-squares estimate. Form (1) is

6cm>=—"—_°((;")) (19)
where Sab(a‘))= <A*(a))B(w)>‚ i.e., the eross-spectra between A(co)
and B(a)), and is downward-biased for noise occurring on the
input, i.e., the spatial gradient term (18a). Form (2) is

_ 800(03)C U (w) = (20)

and is upward-biased for noise occurring on the output, i.e., the
smoothed vertical magnetic field term (18b). The smoothed C 3
estimate was given by

_ ÖL(cö)+ Cum—n
__2___‚

Estimate C3 (c6) is itself only unbiased by noise contributions if
the input signal-to-noise ratio exactly equals the output signal-
to-noise ratio (Jones 1980). Thetrue unbiased response function
lies in the interval (CL, CU).

The estimate of the coherence between the input and output
of a single input — single output linear system, in this case
between the horizontal spatial gradients and the vertical mag—
netic field, is given by

(731(65) (21)

ISio(a—))|2

Sii(a—))Soo(d5)

.
(22)130(05) =

184

However, this estimate is relatively well known to be a biased
function. For example‚ although the true coherence between two
random data sets is zero, the estimate of the coherence is non-
zero due to the bias associated with the cross-spectral estimate,
S,O(a‘1). The expectation value of the estimate of the ordinary
coherence function between two random data sets is

E[1?3„2]=—

where n is the number of degrees of freedom associated with the
smoothed spectral value (each Fourier harmonic has two de-
grees of freedom, one for the real and one for the imaginary
part). Jones (1977, 1979) suggested a method of correcting for
this bias by normalising the coherence value after transforming
the function into a domain where it exhibits a normal distribution
This normalised transformed ordinary coherency function, n,
given by

A tanh‘1()7 )N = x" 23xy tanh“1((2/n)1’2) ( a)

has a variance of

2 1= 23b0n narctanh2((2/n)1/2)’ ( )

where 9x), is the estimated ordinary coherency [the positive
square root of the estimated ordinary coherence given by (22)],
and n is the number of degrees of freedom associated with the
estimate,
and there is an expectation value of

E[1\7xy]=1‚

for random data sets.
The derived inductive response function from (21), C3 (a3), is

only an estimate of the true response function, C (w), and it can
be shown that, if the total noise terms constitute a white series,
then a confidence region for C (c0) can be specified at a con-
fidence level of 100(1—oc)% from

2 A7 S (a3)F. . ——*7 ’ 0°
71—2

2. n—2, l —a(1 /zo(w))
Sii(a—))

IC—3(a’))- C (w)l2 ä (24)

(see, for example, Bendat and Piersol 1971, 199—203), where
F2,„_2;1_a is the Fisher likelihood function with a (1 —oc) con—
fidence coefficient,
S00((b') is the smoothed estimate of the autospectra of the output,
defined by (18b),
Sii(a—)) is the smoothed estimate of the autospectra of the input,
defined by (18a),
and 930(03) is the estimate of the coherence function between the
input and the output, given by (22).

4. Application

The application of this method is only worthwhile if interpret-
able response functions are determined. In this respect, the major
assumption made is that the observed magnetic fields result
from induction by a non-uniform source over an earth which



|00000191||

8°E 12°E 16°E 20°E 24°E 28°E 32°E

O / o IMS-mognetometer,Uof Munster
A IMS-mognetometer, TU Brounschw
n mognehc observatory

72°

g41%KUN
ANW

MATo xVAD _ 70°
KEVA

'

FIäEo VEO ROS‘ MIEo / M
//

‘\\
\ AIVA

GLO.
RlJ.

KIR. MUO‘ p.

/
Loz-——66°KV" soo- AMAR

A

UMS.“

#660

64°

AKUU

ORKS

62°

g L

Nwäf60°

Fig. 2. Station map in geographic
coordinates. Also indicated are the
axes of the Kiruna cartesian
coordinate system (see Küppers et
al. 1979)
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has a 1D conductivity distribution, i.e.‚ that conductivity is a
function of depth only, 0(2).

In following papers, it will be illustrated that the region
around Kiruna (KIR) (see Fig. 2) displays small anomalous
induction effects, and that magneto-telluric data recorded at
Nattavaara (NAT) exhibits, to a first approximation, one-dimen-
sionally. Hence data from the zone centered on Kiruna should
be interpretable in terms of a 1D structure. The nearest obvious
2D or 3D structure is the coast, which is more than 300 km from
Kiruna.

The principal reasons for the Operation of the array were
coordinated observations with other groups of the ionospheric
current systems for the International Magnetospheric Study
(Küppers et al. 1979). Hence many events of profoundly different
current configurations were digitised for analysis (see for exam-
ple Baumjohann et al. 1978, 1980; Mersmann et al. 1979; Untiedt
et a1. 1978; and Küppers et al. 1979). Some of these have proved
suitable for determination of C(w) due to the strong spatial
gradients observed.

As an example, consider the magnetogram illustrated in
Fig. 3. This is a record of the magnetic field variations recorded
by the Kiruna (KIR, Fig. 2) magnetometer between 15:00 UT
and 23:00 UT on 2 December 1977. This event is of special
world-wide interest as it occurred during a very favourable

configuration of three different satellites. Study of the event has
inferred extremely complex auroral zone current structure over
Scandinavia during the interval.

The magnetic data from the stations EVE, RIJ, KVI, SRV,
ROS, KIR, NAT, MIE, MUO, and PEL (Fig. 2) were digitised,
conditioned and fast Fourier transformed to give the raw Fou—
rier harmonics at each station. Each time series was of 2,880
points with a sampling interval of 10 seconds which was ex-
tended by zeroes to 4,096 giving 2,049 harmonics, each harmonic
having 1.4 degrees of freedom (0.7 each for the real and imag-
inary parts respectively).

Using the procedures outlined in Sect. 3, the fields were fitted
by polynomials at each Fourier harmonic. The fit was by least-
squares methods which minimised the Euclidean norm between
the solutions of the overdetermined system (Golub 1965), i.e.‚
minimised [öHx + ÖHyI2 and IHZZI for the horizontal and vertical field
solutions respectively. The 10 stations employed give 40 degrees
of freedom for the horizontal field and 20 for the vertical field.
The polynomials require 18 and 12 degrees of freedom for the
horizontal and vertical solution respectively. Hence the com-
bined horizontal field solution has 22 degrees of freedom whilst
that of the vertical field has 8 degrees of freedom.

The estimates of C for the three different methods described
in Sect. 3 were frequency band averaged with a constant Q filter
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of box-ear ferm with Q :0.5. These solutions für g and h (where
n—ih) are illustrated in Fig.4a and 4b respeetively. It i5
apparent fmm these figures that method 3, employing statistieal
frequeney analysis techniques, produeee far smoother estimates

5 than either of the ether twe methüds.
ä In Fig.5 are displayed the downward-biased and upward-
: _ _ _ bei: _ „ KIR Z biased estimates, from Eqs. (19) and (20) respeetively, ef C 3(0)},
ü together with the 95 % eonfidenee intervals, ealculated frem (24).

_ It is apparent from the figure {hat there i5 little bias due t0 neise
in the estimates, but, at long perieds, the eünfidenee intervals are
large. In Fig. 6 i5 di5played the eoherenee funetien between the
input and output of the system, and also the normalieed trans-
formed erdinary Gehereney, as defined by (23a), Nm- The two

-- - - - #375 - - - -- - _ ' ------ KIR B series appear well eerrelated, even at short perieds ef the erder
of hundreds of seeonds.

A total ef 8 events were analysed in the manner deseribed
above, and the individual estimates für g and h were averaged in
a weighted manner by the algorithm

0
-"--*-- - - - - . KIRA 2 NAG—Jfl'giü—Jj)

w _ '=18(05); 3 (25)
2 Niüfij)
l: 1

similarly für 50:51.). The sample weighted varianees ef the es-
timates were determined using the algerithm whieh gives an

1000 i000 1000 2000 2200 0000 ur efficient 0nd eonsistent unbiased estimate

Fig. 3. Magnetie data reeorded at Kiruna in the interval 15:00—23:00 7 n 2 Ni(gi_g)3
(26]UT on 2nd December 19W. A, eemponent toward north; B, toward east, S; = _ lTZ, vertieally dewnwards n "
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Fig. 5. The estimates from method 3 for g (full line) and h (dashed line)
Showing the downward- and upward-biased estimates as error bar
ranges. The 95 % confidenee intervals are given by the magnitude of the
solid lines at the base of the figure

(dependence on frequency assumed)
where s: — is the sample weighted variance of the estimate g

n — number of estimates
Ni — the function, as defined by (23 a) for the i’th estimate
gi — the i’th estimate of g
g — the weighted average, given by (25)

similarly for sä.
Variances, and their square root, the standard deviation, are

in themselves very weak statistical parameters. They only de-
scribe the dispersion, or scatter, of the individual estimates
which are employed to determine the mean value. A far more
powerful statistical description is given by the confidenee in-
tervals, at a certain probability level, of the determined mean

values. Because the true weighted variance, 02, is unknown and
is only estimated by the sample weighted variance, given by (26),
statements regarding possible future values of the sample
weighted mean, from (25), must be made by employing the
Student-t, rather than the normal, distribution. The probability
that any mean, X, will exceed the true mean, „x, plus an
associated confidence interval, is given by

Stn—lza _
1/2 _O‘

n

where „x is the true mean
i is the sample (weighted) mean
s is the sample (weighted) standard deviation

t„_ 1:0: is the Student-t distribution at the oc confidenee level
for (n— 1) degrees of freedom

oc is the probability level
and n is the total number of degrees of freedom.

Aceordingly, the 100(1—2oc)% confidence intervals for 5c are
given by

Prob [5c > ux +

(27)

Figure 7a and b display the individual estimates of gi(cö) and
hi(a’)) from the 8 events, with their relative weighting being
crudely indicated by the type of symbol used.

The weighted means, from (25), are joined by the full lines,
and the relative 95 ‘Z, confidence intervals for these means from
(24) and (25) are also shown. These mean values have been
further smoothed by a Hanning window, (ä, ä, ä), to give the
dashed lines indicated in Fig.7a and b and given in Table l
together with the confidence intervals.

The statistical method described above for determining the
means, and the eonfidence limits of those means, of the parame-
ters g and l—z only neeessitates assuming that for these data the
Central Limit Theory is valid, i.e.‚ that the probability density
functions of the estimates of g and h tend very quickly to the
Normal form as the number of estimates is increased. This is a
very weak statistical assumption to make when eompared to
that made for determining confidence intervals from equations
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Fig. 6. Coherenee funetions between the derived
‘ — vertical field and spatial gradient of the horizontal

— field; (— — —) yz, usual ordinary coherence function;— ( ) N, normalised transformed ordinary
coherency function
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Table I. Determined response funetion and eenfidenee intervals

Peried(s) g (km) 17 (krn) rg (km) r, (km) p„ (Qm) 4)„(degrees)

115 55.2 31.5 9.2 4.9 277 60
19D 64.2 33.6 15.6 6.7 231 60
320 77.7 47.6 15.0 7.8 204 58
535 92.4 57.5 6.2 8.7 175 58
890 110.6 63.6 16.0 17.0 144 61

1,490 138.0 62.7 19.6 41.5 122 66
2,480 163,0 60.0 32.7 9.5 96 70
4,090 179.7 63.8 25.6 35.0 70 70
8,200 206,0 71.5 37.9 42.0 46 71

g and E are the smeethed real and imaginary parts of the re5ponse
funetien, averaged ever eight independent events

rg and r, are the 95 ‘X, cenfidenee intervals of the parameters ä and E
respeetively
p, and 4)„ are the apparent resistivit},r and phase ef the derived induetive
response funetien

ef the ferrn (24). This methed also has anüther advantage over
the mere usual statistieal teehnique, ef, for example, averaging
the ensemble estirnates of (Hz) and (öHx/öx+öH,./Öy), in that
higher weighting ean be given tn these estimates of C,(cu) whieh
are ennsidered more superior (Eq. (25)).

5. Validity

Having ebtained the srneethed values of (9(18), as displayed in
F ig. 7a 3nd b and given in Table 1, there are eertain questions
that ean be pesed regarding the validity of the inductive re-
sponse funetien so determined.

188

5.1. Does the Funetien Deseribe a Causa! System?

As detailed in Seet. 2.2, there are twe tests whieh may be applied
to determine whether er n01: the estimated respense funetien
deseribes a physiesllyr realisable, i.e., eausal, linear system. It is
known that at the perieds ef interest, 102—105s, the Barth
responds induetively in a eausal manner. Henee any respense
funetion that describes the induetion preeess must eemply te
eonditions (5), (7 a), and (7 b).

5.1.1. Is e(t)=0for 1::0? Defining the ferward Feurier trans-
form operator by .97, given by

X(m)=317{x(r)} : T] x(r)e‘j““dr
-I30

(28 a)

and the inverse Fourier transferrn Operator by .9”— *1,

X050) ir dm1
_DÜ

x(r)=e—I{X(m)}:i2er
(28 b)

it is easy t0 prove that

x(-t)=f3‘7{X(w)}= fißuun
1

27:

(Champeney 1973). If x(t) is a purely real series, then from
symmetry relatiüns

x(_t):."F*1{X*(w)} (29)

where X*(w) is the enmplex eonjugate nf (28 a).
Henne, for a respense funetien, the inverse Feurier transferm

gives the impulse reSpense funetien für all positive lags, and the
inverse Fourier transfnrrn nf the eemplex ennjugate nf the
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The induetive response funetien given in Table l was interpre-
lated by fitting eubie spline funetiens t0 give estimates whieh
were equally spaeed in the frequeney demain. This fit is illus-
trated in Fig. 8. These values were then empleyed te derive the
impulse re5ponse funetion (3(1), für both positive and negative
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lags, by utilising expressiens (3021) and (30b). The resulting
impulse respense funetion is illustrated in Fig.9, from whieh it
ean be seen that the funetien does indeed Comply with the
requirement et" a eausal system {hat ((1)20 für räO.

5.}.2. Are the real und imaginary par'ts qf (7(5)) related by the
Hilber: transform? There are two teehniques für deriving the
Hilbert transform ef a funetien. The first is t0 evaluate the
integral ferm direetly, es expressed by Eq. (7a) and (7b), the
seeünd employs Feurier transformation. Both, hewever, require
that the funetien be well deseribed over a suffieiently leng
interval that the basie assumptiens that have t0 be made regard-
ing the funetien eutside the interval be valid.

Für (11:0, then frem (I3)

11:0

and lim (g)=% tanh(kd).
maü

Assuming kd are sueh that tanh (kd) "_v kd. then gzd. For
this, kdrsüfi sueh that the wavelength, 2L ef the field must be

Ä>n-d.

Henee reasenable values of d ensure gzd für the wavelengths of
the fields analysed. A value of d 2250 km was adopted.

AI the very high pesitive frequeneies, g and h tend towards
expressiens (13b) and (13d), i.e.„ the same values. Assuming that

Seendinavia is overlain by a resistive top layer ef abeut 104 9m,
whieh is inferred by the WOI'k of Westerlund (19D), ef thiekness
at least 10 km, then the period at whieh this is the skin depth is
given by

Ö=0.5(p T)U2
where ö is the skin depth in km

p is the layer resistivity in 9m
and T is the peried in seeends

and für ö= 10 km with J0:104 Qm gives T2004 s.
Henee, for w} 160 rads‘1 (T<:OB4 s)

633(w) =h(w) :W km
Dr

g(T)=h(T)-—25 T“i km.

At the intermediate periods, lÜÜr:T<::0.Ü4‚ it is neeessary m
assume a eonduetivity distribution in erder te aid the in-
terpolation of the data in this range. Using an algerithm given by
Fischer and Sehnegg (in press 1980). s two-layer medel was derived
whieh was eompatible with the three shürtest periüd IÜLEH
values. This model censisted of a tep layer ef 1049m 3nd
thiekness 30km, underlain by a mere eendueting layer ef
125 Qm. These values are indicated in Fig. 8 where the selid
lines are the interpelation using the derived values ef 5&5)
(Table l) and the dashed lines are the extrapolatien eenstrained
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a b

ZÜÜ'-
' 200--

15s" 15m-

{km II (km }

1ÜÜ-r 100H-

5U -- 50—-

Ü D

450 —- —5o—_ 1‘

4cm ä I i L —mo '. ‘54 +
1e m2 103 _ 10 1s"5 1o 10’ 103 m“ 1o5Permd (s: Peried [S]

Fig. 10. a The funetion gku) ( J with its first derivative (—-—) and seeond derivative [------) with respeet t0 log T. b As 102-1 but für the funetien
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Table 2. Tests of Weidelt’s inequality constraints

Period 8a 8b 9 10a 10b 11a 11b 12a 12b

115 + + + + + — + — ——
190 + + + + + —— + — +
320 + + + + + — + — +
535 + + + + + —— + — +
890 + + + + + — + — +

1.490 + + + + + — + + +
2,480 + + + + + — + — +
4,090 + + + + + — + — +
8,200 + + + + + — + — +

+ the inequality was upheld by the response function
— the inequality was not upheld by the response function

by the 2-layer 1 D model described above. Although these some-
what severe assumptions about the form of (7(6) outside the
observation interval have been made, it must be remembered
that the kernel of the Hilbert transform integral possesses a
simple pole at wo. Hence, any reasonable extrapolation of the
function outside the interval will not seriously affect the trans-
formation for values of wo which are in the observation interval
and not too close to the high and low frequency bounds.

Using the procedure for evaluating Hilbert transforms given
by Öiiek (1970), the real part of the inductive response function
g, was Hilbert transformed in the range 0<w<0.628 rads‘1‚
where the necessary values for extrapolation were taken as
described above. The derived function gH(w)= —.%’(g(a))) is also
displayed in Fig. 8 where a very good correlation between it and
—h(a))‚ i.e., the imaginary part of (7(5)), in the range
0.015<a)<0.040 rads‘1 can be seen. The underestimate of the
function gH(co) is possibly an artifact of the enforced cut-off of
the slowly decaying function g(w) at high frequencies.

This comparison also gives much weight to the argument
that the values determined for the function C(co) describe a
physically realisable system.

5.2.1. D0 the estimates of C(a)) comply with the inequality
constraints? Weidelt (1972) lists 22 inequality eonstraints im-
posed on C(w)‚ 9 of which are given here by Eqs. (8)—(12). In
order to discover if the estimates of C (w) satisfy these 9 con-
straints, the two curves for g(T) and h(T) were differentiated by
determining the derivative of the Lagrangian interpolation poly-
nomial of degree 2 relevant to the three neighbouring values of
g, and h, on a logarithmio period seale (Hildebrand 1956).

The derivatives Ög/Öflog T) and Öh/Ö (log T) are illustrated,
together with g(T) and h(T), in Figs. 10a and b respectively. The
second derivatives 82 g(T)/Ö (log T)2 and ÖZh(T)/Ö (log T)2 were
derived by differentiating, in a similar manner, the first de-
rivatives. These are also illustrated in Figs. 10a and b. The
constraints given in Eqs. (8)—(12) were tested for, and the results
are oompiled in Table 2. It is apparent from Table 2 that
inequalities (11a) and (12a), viz.

IDCIgh, ID2 Clgh

are not upheld at any period, with the one exception of (12a) at
1490 s. This was also found to be fairly consistently true of all
the individual event estimates of C (w), whereas the other con—
straints were, in general, upheld. This is taken as an indioation
that the data are not totally consistent with a 1D Earth con-
ductivity—depth distribution model, but arise from effects due to

2- or 3-dimensionality. However, it is believed that a 1D model
is a good approximation.

5.2.2. Does c(t) Display the Required Form? As described in Sect.
2.3 (see acknowledgements for reference), the inductive impulse
response function, c(t)‚ given by the inverse Fourier transform of
C (w), i.e.‚ c(t)=.97 "1 {C (w)}, must display the form

c(t)>0, c’(t)<0, c”(t)>0 for 0<t<oo.

The estimated function c(t), illustrated in Fig. 9, is certainly a
positive function in the range t>0, and differentiation of this
function, undertaken in the same manner as described in 5.2.1,
showed that the above conditions on the gradient and curvature
of c(t) are also fully upheld (Fig. 9). These three requirements on
the form of c(t) are a very strong constraint imposed on it, and
that they are all displayed by the estimate determined is a
powerful indioation that 5(t), and henee 6(03), is interpretable in
terms of the conductivity structure under northern Sweden.

6. Implications

A full interpretation of the geomagnetic and magneto-telluric
results will be presented in a later paper in this series. However,
it is considered worthwhile to examine the implications of the
determined 5(50) function in a preliminary manner here.

The p*—z* inversion of the 6(03) data listed in Table l is
shown, with the 95 ‘Z, confidence limits, in Fig. 11. The data
show a clear trend towards a more conducting layer at depth.
Also included in the figure is the two-layer model determined
from the first three points, using the algorithm of Fischer and
Schnegg (in press 1980), and the preliminary results of a Monte-
Carlo inversion, of the type proposed in Jones and Hutton
(1979), of the magneto-telluric data recorded at Nattavaara
(NAT, see Fig. 2) in northern Sweden, some 120 km south of
Kiruna (Jones and Olafsdottir 1979).

The apparent resistivity and phase data, derived from

fia(Ö)=wMo|C—(Ö)lz‚
_ __ _1 Re(Ö(cö))qß“(w)—_tan (Im(ö(a3)))
is shown in Fig. 12. A 3-layer 1D model of parameters p1
=104Qm; p2:125 Qm; p3=3.5 a; d1 ==30km; d2=140km, is
also illustrated. Although the correspondence between the data
and the theoretically calculated values is not good, the essential
features of a resistive upper layer of about 104 Qm underlain by a
layer of some 100 Qm, with a highly conducting basement at a
depth of around 140 km are well described.

7. Source Field Effects

In this work, the inductive response function C(co,0) has been
explicitly derived in a strict manner due to fitting the observed
fields to a second order polynomial. Thus, it is not necessary to
consider the effects of non-uniform source fields on the derived
function when interpreting the data. Other methods may derive
response functions which are however affected by the non-
uniformity of the source field, for example, standard magneto-
telluric analysis (Z (w, k)), the internal—external field ratios
(S (w, k))‚ or functional representations of the field other than a
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250--

Fig. ll. The Schmucker p*—z* inversion of the derived function with
corresponding 95 % confidence intervals. Also shown in the Fischer-
Schnegg two—layer inversion (—— —) of the first three data points and the
bounds of the Monte-Carlo inversion (— ..... ) of the long period magne-
to-telluric data recorded at NAT (see Fig. 2)

second—order polynomials in order to derive C(w, k) from the
HSG method. Hence, it is considered aworthwhile exercise to
investigate the effects on C (a), 0) of non-zero values of wavenum-
ber for the derived one-dimensional conductivity model, con—
sistent with the magnetic data observed in northern Sweden.

As was shown by Price (1962) and Srivastava (1965), the
effect of a non-uniform source field is to ohange the layer
propagation constant from k„ where kl. is given by

w'uiGi
1/2 0 qiUi

1/2

ki=ki(“”0)=(—i—) +1 (T)
k(a),O)—uniform field propagation constant in the i’th layer u,-
magnetic permeability of the i’th layer, ai-conductivity of the
i’th layer

to a value of

1
2%

+j([lk‚-(w‚ 0)I4+k4]1’2—k2)1’2)
where k=27r/Ä and is the Price wavenumber.

ki(w‚k)= (([Iki(oo‚0)l‘*+k4JI/2+18)“2

The .correction only becomes important for k of the order of
Iki(co‚0)|. For the three layers of the model proposed in Sect. 6,
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Fig. 12. The fit of a theoretical model of parameters: ‚01 =104 (2m; ‚o2
=125 Qm; p3=3.5 Qm; d1=30 km; d2=140km; to the derived induc-
tive response function, expressed in terms of apparent resistivity and
phase (d0ts), both with associated 95 % oonfidence limits shown

and for the longest period of interest [i.e.‚ the smallest possible
value of ki(w, 0)], the following hold:

when ‚1 N104 km,
when ‚1N 103 km,
when ‚l N 200 km,

layer 1 kw|k1(a),0)|
layer 2 km|k2(oo,0)|
layer 3 kw|k3(co,0)|

hence the uppermost highly resistive layer is very sensitive t0
non-uniform fields. Figure 13 illustrates the effects of finite
wavelengths on the parameters g and h. As can be seen from the
figure, wavelengths of the order of 2 x 103 km or greater do not
seriously affect g and h for periods less than 104 s.

Representation of the souree configuration by a wavenum-
ber, k, implicitly assumes, analogously to Fourier transfor-
mation, that the source is repeated in form every Ä (wavelength ‚l
=27E/k). This approximation is valid directly underneath an
electrojet maximum, where the effective wavelength, 11€”, is
equal to four times the electrojet half-width, but becomes in-
creasingly worse with distance away from the maximum. Using
the programme of Hibbs and Jones (1976a, b), the variation of
C (w) with distance away from the centre of a Gaussian—shaped
electrojet of half-width 500 km over the Earth model proposed
in Sect. 6 was calculated and is also illustrated in Fig. 13. As can
be seen by the spread of the determined g and h functions, under
the centre of the electrojet Äeff=2‚000 km=4 x half-width. Mov-
ing away from the centre, ‚leff: oo at the point directly under-
neath the half-width (i.e. i250 km). Moving yet further away
gives values greater than those for k=0‚ this arises because the
effective wavenumber is complex.

The sources in Scandinavia are, as a rule, moving rather than
stationary. As shown by Hermance (1978), this feature aids the
magneto-telluric relationship, and hence correspondingly the
inductive response function, in that a moving source has a larger
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Fig.l3. Source effect on the parameters g (——) and h (— — —) for
wavelengths of oo, 2,000 km and 1,000 km. Also shown are the bounds of
the parameters derived for a Gaussian electrojet source of half-width
500 km. The lower points correspond to measurements directly under-
neath the electrojet maximum, whilst the upper ones are for a position
i700 km from this maximum

“effective width” through averaging induction effects over a
larger volume of the Earth during its lateral movement. If a
Gaussian electrojet of half-width 500km (as in the previous
discussion) moves with a velocity of 500ms‘1, then
C (a), k)N C (a), O) for periods up to 5 h (2 x 104 s).

8. Conclusions

That magnetometer array studies are able not only to map the
conductivity anomalies but also to determine the conductivity-
depth distribution, where valid, has been known for a decade
(Schmucker 1970). However, apart from three other studies, two
of which derived the spatial gradient from Fourier maps
(Kuckes 1973a; Lilley and Sloane 1976) and the third restricted to
long periods (Woods and Lilley, 1979), the technique has not
bcen much employed.

In this paper, the spatial gradient was determined by least-
squares methods and the inductive response function by statisti-
cal frequency analysis techniques. The derived function was
shown to be causal by two methods, i) the impulse response
function 5(1) did not react before receiving any input, and ii) the
Hilbert Transform of the real part of Ö(cö) Closely resembles the
imaginary part of — Ö(((I)). lt was also shown to pass 7 of Weidelt’s
(1972) 9 inequality constraints imposed on it, and to be fully
consistent in the time domain.

Because of the rather special property of the inductive re-
sponse function, C (a), k), that it is a function of k2 and not of k,
representation of the observed fields in terms of second-order
polynomials results in a determination of C (a), 0), i.e., the uni-
form field response. Hence, this permits the data to be in-
terpreted without regard to source-field configuration. A very
preliminary conductivity-depth profile that explains the major
details of the derived response function consists of three layers

with the parameters ;p1 = 104 Qm; p2= 125 Qm; p3=3.5 Qm; d1
=30 km; d2=140 km. Using this model as a base, the effects of
source contribution were shown to be important only for sta-
tionary sources of very small wavelength (‚1< 1,000 km) and at a
point directly underneath the source maximum. Although the
parameter k, wavenumber (k=2n/Ä)‚ is independent of the mod-
el parameters (Edwards et al. 1980), its effect Closely resembles
that of moving the conductive basement nearer to the surface.
Hence it could be expected that other induction studies in the
region, whose derived responses are affected by source-structure,
would indicate a less deep highly conducting basement. Where
magnetic variations exhibit a wavenumber which is a frequency
constant, i.e., k=l=fn(a)), the derived conductivity profile from
such studies may be transformed, by the algorithm given in
Weidelt (1972), to yield the true conductivity-depth profile.
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Comments on Polarization and Coherence
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Abstract. Measures of the frequency-dependent coherence. and
the frequency-dependent degree of polarization have been used
for some time in describing the statistical characteristics of
multichannel geophysical data. The degree of polarization is
rotationally invariant, suggesting that this measure is more
useful than the coherence in describing the statistical character-
istics of the spatial components of waves. In the present paper
generalizations of the bivariate coherence and the degree of
polarization for data with an arbitrary number of channels are
developed, and the relationship of the coherence to the degree of
polarization is described. Some suggestions for applications of
the measure of the degree of polarization in the selection and
filtering of geophysical data are given.

Key words: Coherence — Polarization — Polarization filters.

Introduction

Measures of the coherence and degree of polarization of vector
time-series have been used for some time in evaluating the
statistical characteristics of geophysical processes. Jones (1979)
has indicated that there does not yet seem to be much appre-
ciation of the close connections between coherence and polariza-
tion, at least in the geophysical literature. Jones has limited his
discussion and conclusions to two-dimensional processes, but
has stated that ‘they are equally valid however in three dimen-
sions’. This statement might be somewhat misleading, and con-
sequently I would Iike to present a more comprehensive eval-
uation of the measures of coherence and polarization in pro-
cesses of arbitrary dimension n.

There are numerous reasons for extending these concepts to
vector processes of arbitrary dimension, rather than restricting
the discussion to three-dimensional spaces. Some examples will
serve to illustrate this point. In magnetotellurics, four time series
are measured, and the vector process is xT(t)= [e 1(t), e2(t), b1(t),
b2(t)] where ej and bj (j: 1, 2) are the electric and magnetic field
components respectively. The descriptions of VLF waves in the
magnetosphere require a 6-dimensional vector, with 3 magnetie
and 3 electric field components (Storey and Lefeuvre 1979).
Finally‚ any array of instruments can be considered to be an m
>< p dimensional process, where m is the number of instruments

and p is the number of spatial components measured by each
instrument.

The Spectral Matrix, Coherence, and Polarization

The information in the vector process xT(t)=[x1(t), x2(t)
x„(t)] can be conveniently represented in the frequency domain
by using the spectral matrix S where

f+Ö oo

S(fiö)=fjö
5 C(t)e‘2"ig‘drdg, (1)

C(T)=<X(I)XT(I+T)>‚ (2)
and < > denotes the expectation.

The coherence, yz, in a coordinate system with bases (j, k) is
defined by

nk skSkj/(SjjSkk)’ (3)

with Ogyfkg 1. For arbitrary directions r1 and 1'.‚_(r1 and r2 are
real and orthogonal, i.e., rfr2 20), Eq. (3) becomes

7201, rz)=(r1TSr2 rzTSr1)/(r1TSr1 rzTSl'z)' (4)
Equation (4) can be written in a more standard Operator format
by noting that

rlTSr2 = Tr ((15198), (5)

where Tr denotes the sum of the diagonal elements. Then,

1’201, r2)=Tr(R125)Tr(R215)/(TI(R1 15) Tr (Rzzs)) (6)
where Rjk zrjr};

For reasons to be discussed later, it is necessary to further
generalize the definition of the coherence by defining this pa-
rameter for vector u j in a unitary space. A linear vector space
will be called unitary if the components of the vector are from
the field of complex numbers, and the inner product has the
following properties

u} uk=(u,I uj)*, (7a)
(auj)luk=au}uk, (7b)
(uj+uk)T ul =u} u, + u}: u„ and (7 c)
u}uj=b. (7d)

0340-062X/80/0195/SOI .00
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The symbol T denotes the hermitean adjoint or complex con-
jugate of the transpose, a and b are real numbers, and b is non-
negative.

For vectors u1 and u2 in a unitary space (q2=0)‚ the
coherence is

v2(u1‚ I12) = Tr(u1 25)Tr(ll2 15)/(Tr(u1 15)Tr(u225)) (8)

where Ujk=uju,‘:. Henceforth, the vectors rj will always be in a
real space, and the vectors uj will be in a unitary space.

In defining the degree of polarization for n22, Jones has
used the expansion (Born and Wolf 1964)

S :P + N (9)

where P is totally polarized, det [P] =0‚ and N is unpolarized, N
N 0= [
0

N]. The degree of polarization R is given by the ratio of

the polarized power to the total power, or

R=TrP/TrS. (10)

The expansion in Eq. (8) is not possible for n>2 (Samson 1973),
and consequently an alternative method must be found to define
the degree of polarization.

We first expand S in the form

S= 2 sjujujl. (11)

where the 81- and uj are respectively the eigenvalues and eigenvectors
of S. If S is purely polarized or is a pure state, then S has only one
nonzero eigenvalue and

S=81u1ul. (12)

In this case, the vector process can be considered to be ‘pola-
rized’ in the direction of the unitary vector ul. Since the
information on the polarization is in the eigenvalues of S, we
must consider the eharacteristic equation for the eigenvalues,
which is given by

Z 0(18120. (13)
1:0
If oc„_2 =O, then S is a pure state.

The first three coefficients of the characteristic equation can
be written in terms of the invariants TrS and TrS2 (Samson and
Olson 1980) giving

ocn = 1.0
oc„_1=—TrS (14)
oc„_ 2 2%((Tr S)2 —Tr SZ).

Since
— 1(TrS)2 —(TrSZ) g "—n— (TrS)2‚ (15)

(Samson and Olson 1980) we have

Oän(2d„_2)/(n-1)(TIS)251, (16)
and we can choose our degree of polarization R2 to be

R2 : (n Tr (52) — (Tr S)2)/((n —1)(Tr S)2). (17)

If n=2, Eq. (16) becomes
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4 det [S]R2 =(2(Tr S2) — (Tr S)2)/(T1’ SV =1 —_(TTS)2_ (18)

which is the parameter derived by Born and Wolf (1964).

A Comparison of Coherence and the Degree
of Polarization

Having derived the generalizations for the coherence [Eq. (8)],
and the degree of polarization [Eq. (17)], we are now in a
position to compare the two parameters. Jones (1979) pointed
out that in two dimensions, the maximum value of y2(r1‚r2)‚
under a real rotation, obeys the equality

max (32201, r2))=R2 (n=2) (19)
Relation (19) was derived earlier by Wolf (1959) and by Parrent
and Roman (1960) in the study of partially polarized light.

In generalizing the case to n>2, I shall show that Eq. (l9) is
not true in general, and that the maximum in the coherence is
found by a unitary, not orthonormal (real) transformation. Max-
imization in a unitary space leads to a maximum value for the
coherence which is, for all n, similar to the value for n=2.
Maximization in a real space leads to quite different results.

The maximization of y2(u1, uz) is an extremum problem in a
unitary (complex) vector space, and we must determine sta-
tionary values of y2(u1,u2) where u1 and u2 are orthogonal
vectors in a unitary space. Thus we must find the stationary
points u1 and u2 where

y2(u1+öu19u2)—y2(u1‚u2):0 and

7’2 (“1a“2+ö“2)—)’2(“1‚u2)=0 (20)

with Öu1 and öu2 arbitrarily small changes, and subject to the
constraint qz =0 (orthogonality).

Using a Lagrangian multiplier formalism, we look for the
vectors u1 and u2 which give stationary values for the function A
where

A =(uISu2)(u38u1) + ÄO(1— uIISu1 uäSuz)
+Älulu2+Ä2uäu1. (21)

The denominator in Eq. (8) has been eliminated by using the
constraint with multiplier 20. The derivatives 6/820, 6/621, 6/612
give the constraints in finding the stationary values. Then we
also have the two equations

A(uj+Öuj,uk)—A(uj,uk):0
(i=1,k=2;j=2,k=1). (22)

Expanding (22) and neglecting terms second order in u1 and
u2 we get the two vector-equations

öu}(u}:SuJ-Suk — ÄOuXSukSuJ. + Äjuk)
+(uISukuÄS—Äou2Sukuls+Äkul)öuj:0 (23)
(j=1,k=2; j:2,k=1).

Thus we now have two equations of the form

öula1 +aäöu1=0 (24a)
öu2b1+bäöu2=0 (24b)
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If we consider the variation in the direction iöu1 and i öuz, then
Eqs. (24a) and (24b) become

öulal—aäöu1=0 (25a)
öuäbl—bäöu2=0. (25b)

It then follows that

al=a2=blzb2=0 (26)
giving four vector-equations.

To determine ‚10 we use the equation
uI a1 = O (27)

giving Äo=y2(u1‚u2). We also note that bl—b220, and con-
sequently ‚11:23. Finally we solve for 21 using

ulga1 =0 and (28a)
b;u1 :0‚ (28b)

giving the two equations

ulSu11=u38u1uiru (1 —y2(u1‚l12))‚ and (29a)
1 1

ulSu11 =u;s.., „1“ 2 (1—v2(u1‚u2». (29b)
2 2

The multiplier ‚11 is nonzero only if

ulSu1_ul;Su2
(30)T

—
T

'
“1“1 u2“2

Since the value of y2(u1, u2) is independent of the magnitudes of
ul and uz, we can choose uliul =u3u2, and consequently the
condition (30) becomes u} Su1 =uäSu2.

If either uäSu1=0 or y2(u1, u2)=1‚ then we also have a
solution for the stationary values. The former case obviously
gives an absolute minimum since yz =0. The latter case gives an
absolute maximum, and in this case u1 and u2 are not uniquely
defined, but need only lie in the plane for which yz = 1.

The equations 31:0 and b2 =0 can now be written

Suz—ocSul +ßu2= 0 (31a)
Sul—oc*Su2+ßu1=O (31b)

where

2 2yuSu uSu-— 1 1:3)72 2, and
uZSu1uESu1

zuISul
ß ulu1 l

(1‘ V2011, “2»-

Solving (31 a) and (31b) for u1 we find

ul:(oc‚ß)‘1(oc2—1)Su2—oc‘1u2. (32)

Substituting this value for u1 into Eq. (31a) we obtain the equa-
tion
Au2+ßu2 =0 (33)
where

A— (1_°‘2) SZ+ZS
ß

.

Equation (33) is an eigenvector equation, with eigenvalue ß.
Since A is a polynomial of the matrix S, the n eigenvalues of A

1 — a2 ‚are ( ) s]? +231. (j=1, n), and we have the n equat10ns
ß

ß2=(1—O(2)8?+2ß8j (i=1‚n). (34)

Choosing any two equations and solving for yz gives

2 (8j_8k)2, = . 35(v (ul uz» (8WD, ( )
An absolute maximum occurs if we choose 81. to be the maxi-
mum eigenvalue of S, and 8k to be the minimum eigenvalue.
Consequently

max(12(u„u2))=(31_—8")2— , ._Z_8.
(EI—{_gn)2

n (36)81ä82..

In general, since the space of real vectors r1 and r2 is a
subspace of the n-dimensional unitary space, we have

maa,r2));max(12(u1‚uz». (37)
The equality applies only when A in Eq. (33) is a real matrix.
For n22 A can always be written as a real matrix, with a
suitable choice for (1 —oc2)/ß, and thus the equality is true giving

max (1’20'1 ‚ r2))zu
(81+82)2

(71:2). (38)

To complete the discussion, we must consider the relative
values of max (y2(u1, u2)) and R2 for arbitrary n. We first rewrite
R2 in the form

_ n Tr(S2) 1
—n—1(TrS)2

2

„_1. (39)

Now we wish to maximize R2 by varying the eigenvalues 81-0 22,
n— 1), and thus we must maximize

n

Tr (S2)/(Tr S)2 :
.21

81.2/ (jä 8j)2
J:

(40)

subject to the constraint 81282 __>_8„ O.IIV
Ö

Each derivative
Ö—e—

(Tr(S2)/(TrS)2) has at most one sta-

tionary point in the region allowed by the constraints, and this
point is a local minimum. Thus the maximum must be found at
the end points ajzal (1'22, n— 1) or 8jzen. Substitution of these
two possible sets into (40) shows directly that 8j=8„, and thus

(31 — 8n)2R2 z————. 41“1a“ ) (81+(n—1)e„)2 ( )
Comparison of (35) and (41) then shows that

maxwzml, „2);122. (42)

Discussion

It is clear from the above discussion that the comparison of the
coherence values and the degree of polarization is more com-
plicated for n>2, and no simple relationship exists to compare
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max (y2 (ul, u2)) or max (3)2 (1'1, r2)) with the degree of polarization
R2. For n=2, the comparison is far simpler with max (3)2 (rl, r2))
=max(7’2 (u1,u2))=R2 (71:2).

Measures of the degree of polarization of a vector process
are in many cases a more objective measure of the statistical
characteristics of multichannel data than are the individual
coherences. This is particularly true for the analysis of the
spatial components of waves. Since the degree of polarization
[Eq. (17)] is constructed from the scalar invariants TrS and
TrSZ, the value of this measure does not depend on the ohoice
of the coordinate system for orienting the instrument. The value
of the coherence depends on the ehoice of the coordinate-
system. Thus the degree of polarization might be considered to
be a more ‘intrinsic’ quantity of the waves.

Measures of the degree of polarization can have many
practical applications in the analysis of geophysical data. In
most cases, geophysicists are interested in extracting the more
polarized waveforms from multidimensional data, and reducing
the random noise component. To facilitate these studies, data-
adaptive filters which use measures of the degree of polarization
can be used to selectively enhance the pure states or polarized
waveforms. For example, one can filter the n-dimensional data
xT(t)= [x1(t), x2(t) x„(t)] by modulating the Fourier transform
of xT(t) with the frequency-dependent measure of the degree
of polarization. The filtered data y(t) are then given by

y(t)=fi7‚ ff: R2(f)s(f)e2’”f‘df, where (43)

T/2
s(f): j x(t)e‘2"if’dt, (44)

_ T/2

and T is the temporal length of the data. We have used filters of
this type with considerable success in extracting waveforms from
multichannel ULF magnetometer data and ULF riometer data.

For a second, and final, example of a practical application of
measures of polarization consider the problems inherent in the
selection of magnetotelluric data. The magnetotelluric theory
assumes that b=Ze where b is the horizontal magnetic field
vector, e is the two component electric field vector, and Z is a
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complex impedance tensor. When the magnetotelluric vector
xT(t)=[b1(t)‚ b2(t), e1(t), e2(t)] has a spectral matrix that is
completely polarized (R2 = 1) at some particular frequency, then
the data satisfy the impedance-tensor relation. It is possible that
selection of magnetotelluric data by using criteria based on
measures of the polarization might be more suitable than the
coherence-based methods now being used (Goubau et a1. 1978,
and references therein).
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