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Geophysics

Palaeomagnetism of a Jurassic Ophiolite Series
in East Elba (Italy)
H. Soffel
Institut für Allgemeine und Angewandte Geophysik, Universität München, Theresienstraße 41, D-8000 München 2,
Federal Republic of Germany

Abstract. Thirty-nine sites from the East Elba (10.3° E, 42.8° N)
ophiolite series, of Upper Jurassic age, with gabbro, diabase, pil-
low lava and radiolarite have been studied with regard to their
rock magnetic and palaeomagnetic properties. After tectonic cor-
rections yielding a positive fold test at the 99% level, 25 sites
(23 reversed, 2 normal) had the following mean remanence direc-
tion: N225, R:23.7429, D=199.3°, [2 —38.0°, k=19.0909,
a95=6.4°. There was no significant difference at the 95% level
between the mean directions of the radiolarites and the magmatic
rocks. Rock magnetic studies as well as a comparison of the
observed predominance of reversed polarities with the Post Jurass-
ic polarity time scale suggest a post genetic age of the most stable
remanence component (Lower to Middle Cretaceous, around
120 m.y.). This conclusion is supported by the agreement of the
observed inclination with inclinations predicted for East Elba from
Lower to Middle Cretaceous (120 m.y.) pole positions from Africa
and the Umbrian sequence on the Italian mainland. The pole
position for the East Elba ophiolites is at 147.3° E, 63.2° N. The
pole position for Africa is at 267° E, 48° N for an age of 120 m.y.,
for the Umbrian sequence it is at 281° E, 35° N, while for Eurasia
it is at 153° E, 70° N. The predicted palaeodeclinations for East
Elba indicate a Post Middle Cretaceous clockwise rotation of
the East Elba ophiolites of 64° with respect to Africa and 82°
with respect to Umbria, while the rotational movement with re-
spect to Eurasia is not significant. As the East Elba ophiolites
are a small allochthonous unit of rather limited lateral extent,
no deductions concerning the rotation of autochthonous Elba or
autochthonous Italy can be made. The Koenigsberger ratio of
the rocks investigated was in general smaller than unity resulting
in a predominance of the induced magnetization. This informa-
tion, in combination with the post genetic origin of remanence,
seems to be of importance for the interpretation of Mesozoic
marine magnetic anomalies in the Mediterranean.

Key words: Palaeomagnetium — Ophiolites — Elba.

1. Introduction

Palaeomagnetic measurements indicate that there have been rota-
tional movements in the Mediterranean region since the Upper
Cretaceous (Van der Voo and Zijderveld 1969; De Jong et al.
1973; Van den Berg et al. 1975; Soffel 1978). These rotations
are related to the collison and subsequent relative displacement
of the African and European plates. The angle of counterclockwise
rotation varies between 30° and 60°. The data from the Italian

peninsula South of the Po Basin have mostly been obtained from
allochthonous or parautochthonous pelagic sediments (limestones)
from the Apennines. Nevertheless they seem to be indicative of
the rotational movement of the Italian peninsula since Upper
Mesozoic. Pre-Tertiary magmatic rocks are exposed in the Tuscany
region in the form of an Upper Jurassic ophiolite sequence with
serpentinites, gabbros, diabases, pillow lavas and radiolarites. A
well exposed sequence outcrops in the Eastern part of Elba. An
attempt was made to investigate the rock magnetic and palaeomag-
netic properties and to compare the results with those obtained
from the adjacent plates (Africa, Eurasia, Adria) and to get infor-
mation about the origin of remanence of rocks formed on the
bottom of an ocean.

2. Geology and Sampling

The geology of West Elba is dominated by the large granitic
intrusion of Monte Capanne, with an age of 6 my. (Ferrara et al.
1961; Borsi et al. 1967). Smaller granitic bodies occur in the Cen—
tral and Eastern parts of the island, where a larger subsurface
granitic intrusion of the same age as the Monte Capanne granite
has been confirmed by drilling (Bonadonna, private communica-
tion 1978). The geology of East Elba is more complicated. Autoch-
thonous gneisses (complex I, after Trevisan 1953) above the granit-
ic intrusion are overlain by allochthonous series of Upper Carboni-
ferous to Lower Jurassic age showing various degrees of metamor-
phism (complexes II and III). On top of complex III is the alloch-
thonous ophiolite series of East Elba (complex IV), striking NS
and dipping between 30° and 50° west. The legend on the geologi-
cal map of Elba (Trevisan and Marinelli 1967) indicates that the
age of the ophiolite complex is Malm (Upper Jurassic). Middle
to Upper Jurassic ages (165 i23 m.y.) have been confirmed by
radiometric dating of ophiolites from the Northern Apennines,
including samples from East Elba (Bigazzi et al. 1972; Bigazzi
et al. 1973). The ophiolite complex is overlain by complex V con-
sisting of non-metamorphic Upper Cretaceous to Lower Tertiary
flysch sediments.

The ophiolite series is composed (from the bottom to the top)
of serpentinite, gabbro, mostly spilitized diabase, pillow lava, chert
and radiolarite. The contact of the pillow lavas with the overlying
radiolarites is undisturbed in many places, allowing tectonic cor-
rections to be made. However, in some places the tectonic situation
was uncertain due to local structures leading to the exclusion
of several otherwise suitable palaeomagnetic sampling localities.

The East Elba ophiolites seem to be closely related if not
identical to those in Liguria studied by Decandia and Elter (1972).
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The Ligurian ophiolites at least underwent in situ metamorphism
(Cortesogno et a1. 1925). Sueh an in situ metamorphism will also
be discussed later in Sect. 4 of this paper. A review on the Ligurian
ophiolites has recently been published by Cortesogno et al. (1978).
Similar studies on East Elba ophiolites have been made by Homer
(1924).

A sketch map of the sampling sites is shown in Fig. 1 (redrawn
from Trevisan and Marinelli 196?). Thirty-nine localities with ex-
posures of gabbro, diabase, pillow lava, chert and radiolarite were
sampled. For details see Table 1. Most samples were taken with
a portable drilling machine; however, from part of the very hard
and brittle radiolarites oriented hand samples were taken.

3. Palaeomagnetic and Rock Magnetic Studies

3.1. Natural Remanent Magnetization (NRM)

The site mean directions of NRM are extremely scattered (see
Fig. 2 and Table 1). However, there is some indication of a some-
what scattered, great circle distribution between the present geo-
magnetic field direction in the sampling area (star in Fig. 2) and
a reversed direction in the third quadrant at approximately D:
200°, I: —60°. This direction is close to the mean directions (be—
fore tectonic correction) of all sites found after the application
of various cleaning techniques (see Fig. 7). The mean intensities
of NRM are variable within the different petrographic units, aver—
aging around 50 x10‘6 G. The radiolarites had about the same
intensity of NRM as the underlying pillow lavas, which was quite
surprising. The Koenigsberger ratios are in general less than unity.
Some of the extremely high values of NRM of several diabase
cliffs are presumably due to lightning-strikes. For some sites (Nos.
1/1, 1/2, 3, 34, see Table 1) the NRM was so scattered that a
mean direction was computed only for a few well grouped samples.

3.2. Dentagnetization Experiments
and Rock Magnetic Studies

From each sampling site at least one specimen was demagnetized
with alternating fields up to 2,000 0e. Several specimens from

Rio
ä nell'Elbo

Fig. 1. Sketch map of the geology of NE Elba
showing the sampling sites. Numbers refer to
those in Table l

each petrographic unit were also thermally demagnetized up to
650° C. Examples of the variation of remanence during alternating
field (AF) and thermal demagnetization treatment of radiolarites
and magmatic rocks are shown in Fig. 3. As already indicated
by the more or less well developed great circle distribution of
Fig. 2, the NRM was only in a few cases a single component
remanence. In the As-Zijderveld plots of Fig. 3a—d the dots are
data points in the horizontal plane while the triangles are those
in a vertical North-South directed plane with W being its Northern
end.

Figure 3a shows a typical variation of NRM of the pillow
lavas (here a specimen from site 1/1) during AF demagnetization
up to 2,000 Oe. While the NRM direction remains practically
unchanged during demagnetization, the intensity varies considera-
bly. Firstly there is an increase by a factor of about two between
NRM and 50 Oe, and a decrease to about two thirds of the initial
NRM intensity between 50 and 25 0e; this is followed by another
increase by a factor of three between "1’5 and 1,500 0e. Finally
there is a drop of about 20% between 1,500 and 2,000 (Je. The
intensity after 2,000 Oe is about 50% larger than the NRM. Four
approximately antiparallel remanence components seem to be
present: (1) an extremely stable reversed component with coercive
forces larger than 2,000 0e; (2) a less stable normal component
with a maximum coercive force of 1,500 0e; (3) a reversed unstable
component with a narrow coercivity range between 50 and ”1'5 0e
(this component was often not observed) and (4) a still softer
normal component (approximately in the direction of the present
geomagnetic field) with a maximum coercive force of 50 Oe.

An example for a thermal demagnetization of a specimen from
site 1/2 (pillow lava, close to site 1/1) is presented in Fig. 313.
By stepwise heating and cooling (in zero magnetic field) the NRM
intensity increases and reaches a maximum of about twice the
NRM intensity after thermal demagnetization at 250°—300° C. At
higher temperatures there is a steady decay of remanence without
major directional change. From the aspect of the blocking temper“
atures the following remanence components seem to be present:
(1) a reversed component with blocking temperatures higher than
580° C (Curie temperature of magnetite); (2) a likewise reversed
c0mponent with blocking temperatures mainly between 400° and
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Table 1. Palaeomagnetic data

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1/1 Pillow 210/50W 4 242.2 —36.6 7.8 25.1 500 7 239.5 —45.7 14.1 14.1 181.7 —46.3
1/2 Pillow 210/50W 6 225.4 —29.5 6.7 22.1 750—1‚000 7 224.6 — 31.1 10.3 16.5 192.7 —29.7
2 Pillow 210/50W 7 287.7 40.0 7.8 18.9 N0 consistent direction
3 Pillow Dubious 9 350.9 75.0 27.8 8.9 2,000 10 142.0 —48.4 9.0 14.8
4 Pillow 210/50W 13 318.3 69.9 5.9 16.0 N0 consistent direction
5 Pillow 210/50W 8 275.4 —75.6 9.2 16.3 N0 consistent direction
6 Pillow 210/35W 10 321.2 39.8 8.7 15.0 500—1,500 6 220.4 —23.7 8.9 19.2 204.0 —25.1
7 Pillow 210/35W 9 237.9 53.4 8.8 15.7 500—750 5 210.0 —31.0 29.6 11.5 191.0 —25.0
8 Pillow 210/40W 7 46.4 29.1 10.4 16.4 No consistent direction
9 Pillow 210/35W 10 272.5 — 10.9 21.4 9.6 1,000—1,500 8 231.4 —36.9 11.0 14.9 201.9 —41.2

10 Pillow Dubious 10 260.6 —45.5 6.3 17.6 500—1,000 10 293.5 —67.9 8.8 14.9
11 Pillow Dubious 7 351.1 — 18.6 5.9 21.8 2,000 7 58.6 —73.1 3.9 26.9
12 Pillow 210/35W 10 203.8 —26.3 6.6 17.2 500—750 10 220.3 —42.1 18.1 10.4 189.3 —38.7
13 Pillow Dubious 11 122.8 59.2 7.9 15.0 500—750 11 359.2 — 80.7 18.6 9.8
14 Pillow Dubious 13 2.3 69.7 46.0 5.7 1,250 5 139.8 —56.4 18.1 14.7
15 Pillow 240/55W 8 274.0 58.3 5.7 20.7 500—2,000 8 262.7 —42.2 10.8 15.1 210.5 —38.3
16 Pillow 240/55W 10 347.6 5.8 7.5 16.2 500—1,500 8 291.8 —47.5 13.4 13.5 204.4 —59.1
17 Pillow 240/55W 11 285.4 — 0.4 3.0 24.4 1,500 11 255.9 —40.8 6.3 16.8 210.2 —33.0
18 Pillow 240/55W 10 36.4 68.7 4.3 21.4 N0 consistent direction
19 Gabbro Dubious 11 109.0 — 87.5 4.9 19.1 200—750 9 78.0 — 76.4 11.4 13.8
20 Diabase Dubious 7 353.7 53.1 13.8 14.2 1,500 5 305.7 —41.3 13.1 17.3
21 Gabbro Dubious 10 358.1 51.3 30.5 8.0 N0 consistent direction
23 Chert 240/35W 9 198.4 —57.1 42.8 7.1 300 9 204.3 —48.6 27.5 8.9 185.7 —23.1
25 Diabase 180/50W 12 33.6 1.1 6.8 15.5 1,500 12 29.3 — 12.6 28.3 7.6 29.1 13.0
26 Gabbro 180/50W 8 8.0 46.4 7.9 17.6 1,500—2,000 8 46.7 — 12.7 33.1 8.6 43.0 23.7
27 Diabase 210/40W 7 335.2 42.2 15.5 13.4 300 4 234.9 —51.8 8.2 24.4 181.4 —50.3
28 Radiol. 210/35W 10 186.5 —49.5 20.6 9.8 400 10 199.1 —48.0 75.4 5.1 171.1 —32.4
29 Radiol. 250/30W 11 191.3 —48.3 177.2 3.2 400 11 195.7 —48.8 145.5 3.5 184.6 ——22.6
30 Radiol. 280/20W 15 Scattered 400 15 248.8 ~56.0 41.7 5.6 230.7 —42.8
31 Radiol. 280/20W 10 240.7 —52.9 51.2 6.2 400 10 248.6 —64.3 151.2 3.6 225.4 —50.3
32 Radiol. 10/20E 5 202.0 —53.4 6.2 25.1 400 4 190.8 —44.4 10.2 21.9 209.2 —40.8
33/1 Pillow 250/30W 8 192.2 —65.1 8.2 17.3 200 8 260.2 —66.4 4.0 24.8 204.8 —56.0
33/2 Pillow 250/30W 10 238.2 ——47.6 46.1 6.5 1,000 10 238.7 —52.7 85.1 4.8 209.9 ——39.0
34 Radiol. 240/55W 9 236.7 —62.9 39.3 7.4 400 10 231.7 —68.0 62.5 5.6 175.1 —29.2
35 Radiol. 240/50W 15 232.8 —55.7 20.0 8.1 400 15 214.8 —60.4 36.3 6.0 179.2 —23.4
36 Diabase 240/50W 11 Scattered 500 11 238.8 — 50.2 11.6 12.4 197.0 —28.9
37 Diabase Dubious 9 Scattered 1,000—1,500 9 201.1 26.0 21.8 10.0
38 Diabase 240/50 W 8 Scattered 2,000 8 284.1 — 30.1 9.2 16.3 240. 3 — 51.6
39 Diabase 210/50W 6 Scattered 750—1,000 6 254.2 ——42.1 13.1 15.8 191.2 —55.8

1 Site number (see Fig. l); 2: rock type; 3: strike/dip; 4—8: NRM data. 4: Number of samples used for calculation of the site mean direction;
5: declination in °E; 6: inclination; 7: precision parameter k; 8: 0:95, semiangle of 95% cone of confidence; 9: peak alternating field; 10—14:
RM data after partial demagnetization. 10: Number of samples; 11 declination in °E; 12: inclination; 13: precision parameter k; 14: 0:95
semiangle of 95% cone of confidence; 15 and 16: declination and inclination respectively, after tectonic correction

580° C; (3) a normal (approximately parallel to the present geo—
magnetic field) component with maximum blocking temperatures
below 300° C.

Figures 4a and b show polished sections of a pillow lava from
sites 12 and 1/2. The characteristic ore composition of this rock
type is: (1) highly oxidized titanomagnetites (see Fig. 4a) with
an oxidation class VI, after Ade-Hall et al. (1968) and (2) an
occasionally large abundance of hematite needles (see Fig. 4b)
in the silicates. The oxidized titanomagnetites consist of a cubic
magnetic mineral (magnetite) and exsolution lamellae of an an-
isotropic phase (ilmenite). There is also some evidence for a low
temperature oxidation in the form of secondary hematite along
the margins and cracks. The hematite needles are about 10 um
long and 1 um wide. Sometimes they are clustered together form-
ing a sort of network in the reddish silicates.

Saturation magnetization versus temperature curves (JS/T) are

presented in Fig. 5. Figure 5a shows the heating and cooling curve
of a pillow lava from site 4. Typical for this rock type is an
initial increase of the saturation magnetization (measured at
5,000 0e in air) between room temperature and about 160° C,
then a decay with a slight kink in the gradient of the curve at
about 450° C. The main Curie temperature of the heating curve
is at 590° C. Some amount of saturation magnetization is still
present and remains unchanged (no hyperbolic decay!) up to tem-
peratures above 600° C (highest temperature possible for the appa—
ratus). Similar JS/T curves with a kink at temperatures below
200° C have been found by Ade-Hall et al. (1971) on highly altered
basalts from Iceland. The cooling curve shows a Curie temperature
at 580°C, which is 10° lower than that of the heating curve.
This effect is not due to a temperature hysteresis of the instrument
because it does not appear when pure magnetite is measured.
It has often been observed by the author on exsolved titanomagne-
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Fig. 2. Site mean directions of NRM in equal area projection. Closed
and open symbols. positive and negative inclination respectively. Star:
present geomagnetic field direction in the sampling area. Numbers refer
to site numbers (Fig. 1, Table 1)

tites and is believed to be caused by diffusion of titanium from
the titanium rich phase forming the exsolution lamellae (ilmenite ?)
back into the magnetite of the groundmass. None of the kinks
at 160° and 450°C are seen on the cooling curve, which lies
about 25% below the heating curve.

A further set of experiments is shown in Fig. 6, where the
isothermal remanence (IRM) is plotted versus the exciting field
in Oe. The data (normalized for the highest IRM intensity ob-
tained) of pillow lavas and diabases are plotted in Fig. 6a and
will be discussed below.

The observation of the demagnetization experiments (AF and
thermal), the polished section studies, the JS [T curves and IRM/H
data are interpreted as follows. The main carrier of saturation
magnetization of the magmatic rocks are titanomagnetites which
have been almost entirely altered to magnetite plus another titan-
ium rich phase (possibly ilmenite) by high temperature oxidation.
This high temperature oxidation also affected the silicates (red
colour). From the polished section studies it remains uncertain
whether the exsolution of the titanomagnetites and the formation
of hematite needles occurred simultaneously. Nevertheless the he-
matite does not contribute much to the saturation magnetization.
Needle shaped hematite is not present in the diabases underlying
the pillow lavas. Hematite (if present) is always found here along
cracks and margins as a product of low temperature oxidation.
The irreversible kink at around 160°C (see Fig. 5a) seems to
be due to remnants of the primary titanium rich titanomagnetite
(about TM 65, according to Bleil 1973). By heating above 600° C
this phase is destroyed and probably also converted into magnetite
plus ilmenite. The JS/T curve shows a negative magnetostatic cou-
pling between the (probably primary) TM 65 and the magnetite.
The irreversible kink at 400°—450° C (which is much more pro-
nounced in the diabases than in the pillow lavas) indicates the
collapse of a minor amount of metastable titanomaghemite phases.

The dominance of magnetite in the diabases and in part also
in the pillow lavas is also demonstrated in the IRM/H plots of
Fig. 6a. Samples from sites 38 and 39 are diabases with altered

(exsolved and/or low temperature oxidized) titanomagnetites with-
out Visible hematite needles and only minor amounts of secondary
hematite along cracks and margins. They saturate as expected
at fields below 3,000 Oe. Most of the pillow lavas containing
hematite needles have lRM/H-curves similar to those of samples
from sites 27 and 33.2 in Fig. 6a. After an initial saturation at
a few thousand Oe (indicative of magnetite) the final saturation
is obtained between 8,000 and 10,000 Oe (indicative of hematite).
The sample from site 37 obviously has only a little magnetite
besides hematite. The NRM at this site was extremely scattered
and a stable endpoint could not be obtained with AF demagnetiza-
tion (see Table 1).

From the above discussion it can be concluded that the mag-
matic rocks have essentially three major remanence components:
(1) a normal component (with approximately the present geomag-
netic field direction) with blocking temperatures below 300°C
and maximum coercive forces below 1,500 Oe. There is evidence
from the JS [T curves, IRM/H data and polished section studies
that this remanence resides in the magnetite. It is interpreted as
a viscous component acquired in the local geomagnetic field. (2)
A reversed component with maximum blocking temperature of
580° and a maximum coercive force of 1,500 Oe, eventually a
little higher. The experiments indicate that this component is also
located in the magnetite. It carries information about a reversed
geomagnetic field at the time when most of this mineral was
formed by an oxidation process. Section 4 of this paper discusses
whether this oxidation process was syngenetic or a later event.
(3) The third and likewise reversed component is not so clearly
evident from the AF demagnetization experiments. It resides in
a phase with coercive forces well above 2,000 Oe and blocking
temperatures of at least 650° C. The experiments (Js [T ‚ IRM/H)
point to hematite as the carrier of this remanence component.
This component is strongest in the pillow lavas containing the
hematite needles and less pronounced (or even absent) in the
diabases, where the rarely occurring hematite is a product of low
temperature oxidation. The coincidence of the remanence direc-
tions of the two reversed components indicate that formation
of the hematite needles and the high temperature oxidation of
the titanomagnetites occured at the same time.

The analysis of the rock magnetic and palaeomagnetic proper-
ties of the radiolarites is no less complicated. Figure 3c shows
the results of the AF demagnetization of a typical specimen (site
30). All radiolarites (except many specimens from site 30 which
had large superimposed Viscous components) already had a quite
well grouped reversed NRM direction (see Table 1). With a small
directional change, the test specimen (Fig. 3c) shows a large drop
of intensity between NRM and 200 Oe. At higher demagnetizing
fields the intensity is only slightly reduced and the direction re-
mains constant. Three main remanence components are present
(1) a normal component (roughly parallel to the present geomag-
netic field) with a maximum coercive force of about 200 0e. (2)
A reversed component with a maximum coercive force of about
500 Oe and (3) another reversed component of the same direction
with coercive forces larger than 2,000 Oe. A sharp drop of NRM
intensity could also be observed during thermal demagnetization
(Fig. 3d, also a specimen from site 30). The strong component,
which is removed between room temperature and 150° C, differs
considerably in direction from the remaining component. For most
sites this soft component was weak and roughly aligned along
the present geomagnetic field, but for site 30 alone it was strong
and almost randomly scattered. After 150° C the remanence decays
steadily without systematic changes in direction towards zero. (The
kinks in the plot may be due to secondary components originating
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Fig. 3a—d. As-Zijderveld diagrams showing the variation of the remanence vector during progressive AF and thermal demagnetization. Dots.
data points in the horizontal plane. Triangles. data points in a vertical North-South directed plane with W being its Northern end. a AF
demagnetization of a pillow lava specimen from site 1/1. b Thermal demagnetization of a pillow lava specimen from site 1/2. c AF demagnetization
of a radiolarite specimen from site 30. (1 Thermal demagnetization of a radiolarite specimen from site 30

from imperfections of the thermal demagnetizing equipment and
uncontrolled field variations in the laboratory). At 580° C (Curie
temperature of magnetite) there is still some remanence left which
is further reduced at 650° C. Two remanence components seem
to be present: (1) a soft component either parallel to the present
geomagnetic field or randomly scattered with blocking tempera—
tures below 150° C. (2) A reversed component with blocking tem-
peratures higher than 650° C.

Figure 4c shows a polished section of a radiolarite from site
30 containing fragments of exsolved titanomagnetite grains, isolat-
ed hematite needles as well as fragments of silicates with hematite
needles inside. The ores are similar to those found in the underlying
pillow lavas and diabases. It can therefore be concluded that the
remanence of the radiolarites is located mainly in detritus of the
magmatic rocks underneath.

Figure 5b represents the heating and cooling JS/T curve of



Fig. 4a—c. Polished sections. The long side of the
figures corresponds to 270 pm.
a Pillow lava from site 12. Highly oxidized
titanomagnetite grain with exsolved magnetite and
ilmenite
b Pillow lava from site 1/2. Hematite needles in
the silieates
e Radiolarite from site 30. Detrital magnetite grain
and hematite needles
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Fig. 5a and b. Saturation magnetization (in arbitrary units) versus tem-
perature. a Powder of a pillow lava from site 4. b Separated magnetic
material from a radiolarite specimen of site 35

a magnetic concentrate of radiolarites from site 35. The major
phase has a Curie temperature of 550°C (close to magnetite).
Above 600° C some hematite component may be responsible for
the remaining intensity of JS. The IRM/H plots (Fig. 6b) of radio-
larites from several sites are more or less identical. Saturation
is achieved in fields between 10,000 and 13,000 Oe. Magnetite,
though the dominant phase in the JS/T curves, does not contribute
much to the IRM. This may, to a large extent, be due to the
imperfect separation of the entire ore content by the hand magnet
technique. The saturation field (10,000—13,000 Oe) points to coarse
grained hematite as the main carrier of IRM. Goethite seems
to be absent. Otherwise a saturation of IRM could not have
been obtained below 15,000 Oe.

The experiments indicate that magnetite and hematite, prob—
ably both derived as detritus from the underlying magmatic rocks
are the carrier of the remanence in the radiolarites. Geothite as
a secondary mineral seems to be absent. Both magnetite and hema-
tite carry a stable reversed remanence direction. This is demon-
strated by the thermal demagnetization experiments. The question
of the origin of the quite homogeneous reversed magnetization
of the radiolarites (no normal polarities have been found so far
in the whole sequence) are discussed in Sect. 4.
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Fig. 6a and b. Isothermal remanence (IRM) as a function of the generat—
ing field H, normalized to the maximum value of IRM. Numbers refer
to site numbers. For details see text. a Specimens of magmatic rocks.
b Radiolarite specimens

3.3. Palaeomagnetic Results

For some sites, a consistent mean direction could not be found
for a statistically sufficient number of individual samples or speci-
mens. Except for these cases the isolated most stable directions
before tectonic correction are listed in Tablel and plotted in
Fig. 7. For nine sites (3, 9, 11, 14, 20, 23, 27, 29, 33/1) the scatter
of NRM was smaller than that of the isolated most stable reman-
ence component (see precision parameter in Table 1). In most
cases (sites 3, 9, 11, 14, 20, 27) this was due to the presence
of a large secondary component by which all vectors grouped
along the present geomagnetic field in the sampling area irrespec-
tive of the scatter of a small stable (reversed) component. After
the removal of the softer (normal) component the intensity of
the stable reversed component was often smaller than 10‘6 G
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corrections. For symbols see legend of Fig. 2

270° 90°

o38

e30 e” o‘ô --
33/9> O39

33/2 32 C 2

025, 1569 1/10
170 012

' 7
O25 O 23

180°

Fig. 8. Site mean directions after AF demagnetization with tectonic cor-
rections. The directions of sites 25 and 26 have been reversed, all sites
with dubious tectonic position have been omitted. Square: mean of
all 25 directions together with cone of confidence. For symbols see
legend of Fig. 2. Radiolarite sites are marked by a central cross

so that the noise level of the spinner magnetometer (Digico) was
approached.

The mean remanence direction of the 25 palaeomagnetically
suitable sites before tectonic correction is: N :25; R:22.4ll7;
D=232.2°; [2 —45.4°; k=9.2724; 0:95 =9.2° Application of struc—
tural corrections, omitting all sites with uncertain tectonic position
(see Table 1), reduced the scatter of the stable directions considera-
bly (Fig. 8). The mean direction of all 25 sites after tectonic correc-
tion is: N225; R:23.7429; D=199.3°; I: —38.0°; k=19.0909;
ocgs :6.4°. The ratio of the precision parameters after and before
tectonic correction is 19.0909:9.2724, or 2.0589. The critical limit
for N :25 to provide a positive fold test (McElhinny 1964) is
1.62 for the 95% level and 2.0 for the 99% level. So the fold
test is positive even on the 99% level. It should be emphasized
here that among the 17 suitable sites for magmatic rocks only
two have normal polarity. All 8 radiolite sites have reversed polar-
ity. There is no significant difference between the mean remanence
direction of the radiolarites (N28; R=7.5270; D=192.5°; I= —
34.8°; k=14.8; a95=12.9°) and the underlying magmatic rocks
(N=17; R=16.2819; D=202.6°; I: —39.3°; k:22.3; 0(95 =7.2°).

The critical value for both groups is 1.27, while a value of 2.5
would be required for a statistically significant difference of the
remanence directions at the 95% level after Watson (1956). The
coincidence of the remanence of the radiolarites and the magmatic
rocks will be discussed again in Sect. 4.

With mean geographical latitude and longitude 11:10.3O E,
(p:42.8° N, the pole position for the tectonically corrected reman-
ence direction of all 25 sites (D=199.3°, I:—38.0°) is at Â’:
147.3° E, ço’=63.2° N. It is plotted in Figure9 together with a
part of the Eurasian and African apparent polar wander paths
after Irving (1977). Figure 9 also includes Cretaceous pole posi-
tions from the Italian peninsula (after Channell and Tarling 1975 ;
Lowrie and Alvarez 1975) as well as Cretaceous pole positions
from Northern Africa (after Hussain et al. 1980). Details will be
discussed in Sect. 4.

4. Discussion and Conclusions

One major problem of this investigation is the age of the isolated
most stable remanence component, for which the following charac-
teristics have been found: large coercive forces (median destructive
fields of 1,000 Oe and more); no significant difference in the mean
remanence directions of the radiolarites and the pillow lavas lying
immediately beneath, all being reversely magnetized; the occur-
rence of only two sites of normal polarity, both orginating in
the lower parts of the ophiolite complex; positive fold test at
the 99% level; lastly, a Fisherian distribution of directions with
a normal degree of scattering (k=19.3).

Several possible age intervals for the acquisition of the stable
remanence component can be discussed. (i) A Pliocene age, with
remanence due to a magnetic overpring following the reheating
by the 6m.y. old granite intrusion beneath East Elba (during
the reversed Gilbert polarity epoch 5.3—3.4 m.y.). This age of re-
manence is not likely, because only the lowermost complex I in
East Elba (for definition see Sect. 2) has been seriously affected,
and complexes 11 and III to a lesser degree. In the ophiolite
complex IV only moderately increased temperatures (less than
300° C) are considered possible for the lowermost parts (serpentin-
ites) according to Berner (1980, private communication). The ra-
diolarites have probably not been reheated at all. It is therefore
unlikely that a total magnetic overprint of the magmatic rocks
and the overlying radiolarites took place in Uppermost Miocene /
Lower Pliocene. The inclination which has been measured for
the ophiolite complex (—38.0°) is also too low for a Tertiary
age of remanence. An inclination of about 60° would be expected.
(ii) The high temperature oxidation leading to an exsolution of
the primary titanomagnetites and the formation of the hematite
needles in the silicates (see Sect. 3.2) is, in general, indicative of
a syngenetic age for remanence (in this case a Middle-Upper Jur-
assic age). Bigazzi et a1. (1973) determined a radiometric age of
163 i23 m.y. for the ophiolites of Tuscany, including also samples
from East Elba. During that time the geomagnetic field had con-
stant normal polarity over a long interval, lasting from about
170 m.y. to 150 m.y. This is illustrated in Fig. 10. Following the
compilation of McElhinny (1978) the polarity ratios, with a sliding
window of 5 m.y., have been determined between 170 m.y. and
50 m.y. . From the predominance of the observed polarities of
the East Elba ophiolites (see Sect. 3.3 and Table 1) it must be
concluded that this remanence is not strictly syngenetic but
younger, although the exsolution of the titanomagnetites in the
pillow lavas may have occurred syngenetically. (iii) The coina-
dence of polarity and remanence direction of the pillow lavas
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Fig. 9. Pole positions. Apparent polar wander paths of Eurasia {small
dots) and Gondwanaland (small triangles) after Irving (1977). Large
upward pointing triangle: pole position of the East Elba ophiolite se-
quence. WN: pole position of the 70 my. to 100 my. old rocks from
Wadi Natash, Egypt (Hussain etal. 1980). SWA: Southwest African
pole Position of 110 my. to 128 my. old magmatic rocks after Gidske-
haut et al. (1975). U1: Umbrian sequence (Aptian age) after Channel]
and Tarling (1975). U2: Umbrian sequence (Upper Cretaceous) after
Lowrie and Alvarez (1975). The sinuous line is an apparent polar wander
path for Afria between Middle Cretaceous and Lower Tertiary compiled
by Hussain et al. (1980). Star: sampling locality

and the overlying radiolarites suggests a postgenetic origin of re-
manence during time intervals of predominantly reversed polarity.
Several intervals can be considered in the Upper Mesozoic as
well as dUring the Tertiary, with long periods of predominantly
reversed polarity. Using McElhinny’s (1978) compilation (see
Fig. 10), thereis an interval between 140 m.y. and 110 m.y. (Lower
to Middle Cretaceous) with many polarity changes but a domi-
nance of reversed polarities. The time interval 110 m.y.—85 my.
can be excluded as a possible age for remanence, because this
is the Cretaceous quiet zone of exclusively, or at least predominant,
normal polarity. Since Uppermost Cretaceous there has been a
tendency for a roughly even balance between normal and reversed
polarity, none of them lasting longer than about 3 my. . So,
any time interval with a reversed polarity long enough to allow
a total magnetic overprint should be regarded as a possible age
for the stable remanence of the East Elba ophiolites.

Channell et al. (1979) advocate that the foreland of Adria has
moved in coordination with Africa since the Early Mesozoic. From
the Gondwanaland (African) apparent polar wander path (Irving
1977) a pole position of 256° E, 60°N can be expected for an
age of 160 my. . For the present geographic coordinates of East
Elba (103° E, 428° N) a (reversed) remanence direction of D:
149.4“, I: —44.2° can be predicted. The inclination value is plotted
in Fig. 10. The difference between the predicted inclination and
that actually measured (—38.0°) is 6.2° and not significant (n95 =
6.4°) at the 95% level. However, it is unlikely that the age of
remanence is younger than 80 my . Otherwise an inclination
of at least 556° should be observed (see Fig. 10). This value has
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Fig. 10. Polarity ratio between 170 my. and 50 my. with a 5 my. win-
dow based on a compilation of polarity time scales by McElhinny (1978).
The measured palaeoinclination of the East Elba ophiolite sequence
(——38.0°i6.4°) is indicated by a horizontal line and a shaded area. The
palaeoinclination values which can be predicted for East Elba from
other pole positions are also plotted. For details see text. The observed
polarity ratio and the coincidence of the palaeoinclinations point to
120 my. as most probably age of remanence of the East Elby ophiolites

been computed from the pole Position (269° E, 70° N) of the volca-
nics and sandstones of Wadi Natash (Egypt) with an age of
70 m.y.—100 my. (Hussain et al. 1980). The best agreement with
the observed inclination is obtained using the pole position at
267° E, 48° N determined by GidskehaUg et al. (1975) from age
dated lavas (110 m.y.—128 my.) from SW Africa. The predicted
(reversed) remanence direction for East Elba is: D2134.9°, I:
—40.4°. A similar value for the inclination is obtained by using
a Lower to Middle Cretaceous pole position determined by Chan-
nell and Tarling (1975) from 6 sites of Aptian age from the Um-
brian sequence in the Apennines (all normal polarity). This pole
is at 281.4° E, 352° N and yields a predicted remanence direction
for East Elba of D=ll6.7°, I: —41.4°. This data point is also
plotted in Fig. 10 (setting it at an age of 120 my.)

From the comparison of the inclination data and the predomi—
nance of the reversed polarity it is concluded that the ophiolite
complex in East Elba has been remagnetized during the Lower
Cretaceous at around 120 my. in a period of predominantly re-
versed polarity of the geomagnetic field.

For this time interval, a pole position at 267° E, 48°N has
been determined for Africa by Gidskehaug et al. (1975). The corre-
sponding Eurasian pole position for 120 my. is at 153° E, 70° N
according to Irving (1977). The predicted remanence directions
for East Elba are: D=134.9°, I: —40.4° from the African, D:
l93.3°, I: —44.3° from the Eurasian and D=llö.7°, I: —41.4°
from the Aptian pole position of the Umbrian sequence. The
palaeodeclination data suggest a Post Lower Cretaceous clockwise
rotation of the East Elba ophiolites with respect to the African
plate of about l99°—l35°=64°. The likewise clockwise rotation
with respect to Italy is 199° —l l7°:82°, while the rotational movew
ment with respect to Eurasia is not significant (199°—193°:6°,
which is the radius of the 95% circle of confidence).

It should be emphasized here that the ophiolite complex in
East Elba is an allochthonous unit of rather restricted lateral
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extent which rests on a pre-Triassic basement. The time of empla-
cement is not exactly known. It may be related to the closing
of a Mesozoic ocean since Late Cretaceous. Part of the observed
rotational movements with respect to Africa and the Umbrian
sequence may have occurred during this emplacement. In the Plio-
cene the whole ophiolite complex was uplifted and tilted towards
the Northwest by the granite intrusion. Additional (but smaller)
rotational movements may have been caused by this event as
well. So, no deductions concerning the rotation of autochthonous
Elba or autochthonous Italy can be made from the East Elba
ophiolite data.

Another aspect of this paper is the evidence for a post genetic
origin for the remanence of ocean floor basaltic magma and radio-
larites. The Koenigsberger ratio of the investigated rocks was
in general smaller than unity which means a predominance of
induced magnetization. The effect of a magnetic overpring on
ocean floor basalts should therefore be considered seriously in
the interpretation of the magnetic quiet zones of the marine mag-
netic anomalies.
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Paleomagnetic Evidence from Mesozoic Carbonate Rocks
for the Rotation of Sardinia *

F. Homer and W Lowrie
Institut für Geophysik, ETH-Hönggerberg, CH-8093 Zürich, Switzerland

Abstract. The remanent magnetizations have been analysed in Cre-
taceous and Jurassic limestones, and Triassic dolomites, from East-
ern and Central Sardinia. Ore microscopy and rock magnetic stud-
ies, including the acquisition of isothermal remanent magnetization
(IRM) and the behavior of IRM during high temperature treat-
ment, indicated that magnetite and goethite determine the paleo-
magnetic properties of these carbonate rocks. At all Cretaceous
sites the remanences were either too weak or too unstable to
be used for a paleomagnetic study. AF and thermal demagnetiza-
tion were used to isolate the characteristic remanent magnetization
(ChRM) in the Jurassic and Triassic samples. Rejection criteria
were used to eliminate about one third of these samples because
of directional instability, or because only very stable secondary
magnetizations associated with goethite were present. For the re-
maining samples the ChRM direction associated with primary
magnetite was extracted with the aid of vector diagrams or vector
difference calculations. The ChRM directions are rotated by
70°—90° counterclockwise relative to European directions and by
35°—45° counterclockwise relative to African directions. Part of
this results from the 30° microplate rotation of Sardinia in the
Miocene. The remainder is due to an earlier phase of microplate
rotation which took place in post-Late Jurassic time.

Key words: Rotation of Sardinia — Mesozoic limestones — paleo-
magnetism — rock magnetism.

Introduction

Sardinia plays a key role in Western Mediterranean tectonic histo-
ry. Argand (1924) suggested a paleogeographical reconstruction
in which the Corso-Sardinian block lies adjacent to Southern
France. Several forms of geological evidence support this paleo-
geography.

Chabrier and Mascle (1975) presented facies evidence and other
geological arguments in favour of a similar geological history
in Sardinia and Provence. The geographic distribution of the Bar-
remian foraminiferal Valserina association supports an Early Cre-
taceous position for Sardinia close to the south-east coast of
France (Cherchi and Schroeder 1973). Micropaleontological re-
search on Cretaceous elements in south-west Sardinia reveal micro-
faunal assemblages of Iberian provenance (Cherchi and Schroeder
1976)

Geometric fitting of the Corso—Sardinian block to the coast
of Provence has been attempted by matching bathymetric contours
* Institut für Geophysik contribution No. 307

qualitatively (Alvarez 1972) and with a computer (Westphal et al.
1973). Hercynian structural trends in Corsica, Sardinia and south-
ern France are compatible with this initial paleogeography (Arth-
aud and Matte 1977).

Paleozoic paleomagnetic directions from Corsica (Nairn and
Westphal 1968) and Sardinia (Zijderveld et al. 1970) suggested
different amounts of rotation of the two islands relative to the
European mainland. Differential rotation allowed also a better
match of the Corso-Sardinian block against S. France and could
have resulted in the opening of the gulf of Bonifacio (Alvarez
1973). However, Paleozoic tectonic structures show the same align-
ments on both sides of the straits, suggesting that the Corso-
Sardinian block has remained as a unit since the Permian (Arthaud
and Matte 1976). The paleomagnetic evidence for the Corsican
rotation (Nairn and Westphal 1968) has also been questioned
on the grounds that the rocks investigated are heavily altered
and no longer possess primary magnetizations (Storetvedt and
Petersen 1976).

Abundant paleomagnetic data from Sardinia indicate that the
island has undergone at least two phases of counterclockwise rota-
tion since the Late Paleozoic. Many studies of Tertiary volcanics
have revealed north-westerly magnetic declinations from which
about 30° of rotation relative to Europe may be inferred (see
the summaries by Manzoni 1974; Manzoni and Ferriani 1976;
Edel and Lörtscher 1977; Edel 1979). An age of 15—17 Myr has
been determined radiometrically for this Tertiary rotation (Bellon
et al. 1977).

Larger tectonic rotations of Sardinia have been deduced from
paleomagnetic investigations in older rocks. Data from Permian
ignimbrites from the Gallura region in northern Sardinia (Zijder-
veld et al. 1970; Westphal et al. 1976; Storetvedt and Markhus
1978) indicate rotation of about 45°—60°, while directions from
Permian red sandstones from north-western Sardinia (Zijderveld
et al. 1970) are rotated by 90° counter-clockwise relative to stable
Europe. From these results it may be inferred that Sardinia under-
went an earlier rotation of about 30°—60° relative to Europe be-
tween the Permian and Late Tertiary.

Only a meagre amount of rock magnetic data has been pub-
lished for Sardinian volcanic rocks. In the Permian volcanics more
than a single, potentially remanence-carrying magnetic mineral
was often present; low temperature oxidation had altered the origi-
nal magnetic mineralogy (Storedvedt and Markhus 1978).

There is a lack of paleomagnetic information from Sardinia
for the period from Permo-Triassic to Tertiary, which is repre-
sented only by weakly magnetized sedimentary rocks. It has only
recently become feasible to measure these with satisfactory accura-
cy. In this paper we present the results of a paleomagnetic investi-
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Fig. l. Simplified geological-structural map of Sardinia (after Cocozza
ct al. 1974). Key: (1) granitoids, gneisses and micasehists of Variscan
age or older, (2) Paleozoic sedimentary rocks, Variscan age or older,
(3) post-Variscan Paleozoic rocks and Mesozoic sediments, (4) Tertiary
sediments, (5) Tertiary and Quaternary volcanic rocks, (6) Quaternary
sediments, (7) faults. Site locations: A Jurassic sites FHOI, FH02, B
Cretaceous sites FHÜ4—FHÜ6, C Cretaceous site FH03, D Jurassic sites
FH07—FH09, E Triassic sites FHlO—FHIZ

gation on limestones of Triassic, Jurassic and Cretaceous age from
central and eastern Sardinia.

Geological Setting and Paleomagnetic Sampling

During the Mesozoic Sardinia was a part of a relatively stable
platform which, since the end of the last Hercynian phase of
folding, had been disturbed only by movements accompanying
isostatic compensation, and otherwise exhibited many characteris-
tics of a cratonic province (Cocozza and Jacobacci 1975). The
Mesozoic sedimentary cover was deposited discordantly on the
Variscan basement over much of Sardinia (Fig. l). The sediments
are mainly neritic, but pelagic sediments also occur in a few places.
The Mesozoic faeies pattern in western Sardinia is analogous to
that in Provence (Chabrier and Mascle 1975), but somewhat differ—
ent from that found in eastern Sardinia.

Except for the most westerly part of Sardinia (Nurra region),
the Mesozoic cover has not undergone Alpine compressive defor—
mation. It has remained subhorizontal, having been locally af-
fected by post-Mesozoic normal faulting.

Fine-grained Cretaceous limestones were sampled at four sites;
73 cores (110 samples) were obtained. A single site (C, Fig. 1)
of Turonian age (I. Dieni, personal communication 1978) was
located in the Valle Lanaitto, west of Dorgali (Chabrier 1969),
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and three sites of Valangian to Albian age (B, Fig. 1) were located
in a valley of Monte Tuttavista, called “Badde Funtana Morte”.
west of Orosei (Dieni and Massari 1966).

Two Jurassic sites (A, Fig. 1) were drilled in gently dipping
beds of Callovian age (I. Dieni., personal communication 1978)
in the autochthonous part of Monte Albo (Dieni and Massari
1970). Three additional Jurassic sites (D, Fig. 1) were placed in
gently dipping beds of the Kimmeridgian, pelagic fine-grained
“lithographic limestone” (so named because it was once favoured
for preparing printing blocks) near to the village of Baunei (Ama-
desi et a1. 1960). These two groups of sites are separated by NE-SW
trending faults bounding the southeastern edge of the Monte Albo
block (Fig. l). Alvarez and Cocozza (1974) reconstructed the tee-
tonic history of this part of Central Eastern Sardinia. Although
the major faults were active as vertical faults during the Alpine
orogeny, they may have been re—activated with a sinistral strike-slip
component during the Neogene. As will later be seen, these faulting
episodes did not result in major relative rotation: paleomagnetic
directions on both sides of the fault zone are equivalent. A total
of 139 Jurassic cores (158 samples) were obtained.

Samples of Triassic Muschelkalk were taken in flat-lying beds
at three sites (E, Fig. l) close to one another in quarries at the
base of Monte Maiore in the central part of Sardinia (Damiani
and Gandin 1974). These carbonate rocks consist of limey dolo-
mites and contain very few fossils; 54 Triassic cores (83 samples)
were taken.

Analysis of Remanent Magnetizations

The remanent magnetizations of the weakly magnetized limestones
were measured with a three—axis cryogenic magnetometer. Repli-
cate measurements were made of each remanence, and the accura-
cy of repeatability was used as a rejection criterion at each stage
of demagnetization (Lowrie et a1. 1980).

The natural remanent magnetizations (NRM) of the Cretaceous
samples were exceptionally weak averaging only 2 x 10‘8 G
(Fig. 2). Many of these samples were too weak to be measured
with reliability; at early stages of alteraatiagfield (AF) and thermal
demagnetization the signal soon fell to unmeasurable levels. In
those samples which were sufficiently magnetic to be AF or ther-
mally demagnetized no stable vector could be isolated. The rama»
nenees of the Cretaceous collection were judged to be too weak
or too unstable to be paleomagnetically useful, and all were re-
jected from further analysis.

Although the Triassic Muschelkalk samples and the Jurassic
samples were also very weak, averaging 7 x 10 —8 G and 5 >< 10 r? G,
respectively, the remanences of most samples were adequate
to give reliable measurements. They were demagnetized progres-
sively in order to separate individual magnetization components.
Wherever possible, twin samples from the same core were sub-
jected to AF or thermal demagnetization respectively. The compo-
nent analysis was facilitated by the use of vector diagrams and
vector difference computations. The categories of demagnetization
behaviour observed corresponded to different magnetic mineral
compositions of the limestones.

Samples with Remanences Dominated by Magnetite

In these samples the AF demagnetization behaviour (Fig. 3a)
shows a slight initial increase of intensity and a large change
in direction in fields up to 100 0e accompanying removal of a
low-coercivity component of normal polarity. The magnetization
vector then decays more or less uniformly towards the origin,
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Triassic limestone collections. (N number of samples)

which is not quite reached by 500 Oe. A small, high-coercivity
component persists in alternating fields up to at least 1 kOe. The
remanence component in the region 100—500 Oe is easily deter-
mined, and in the example shown has reversed polarity.

Progressive thermal demagnetization of the twin sample from
this core showed similar behaviour (Fig. 3b). A component of
normal polarity was removed below 200° C, and at higher tempera-
tures a single component of remanence existed. Its direction was
identical to that of the component removed by AF demagnetiza-
tion between 100—500 Oe, and its maximum unblocking tempera-
ture was around 550° C.

On the basis of its coercivity and unblocking temperature spec-
tra, we associate this component of remanence with magnetite
and identify it as the primary or characteristic remanent magneti-
zation (ChRM) of the sample.

Samples with Remanences Dominated by Goethite

In a large number of samples, the remanent magnetizations were
extremely resistant to AF demagnetization. In fields up to 1 kOe

no significant change of direction (Fig. 4a) or intensity (Fig. 4b)
took place, although both behaved irregularly.

The total coercivity spectrum of the unheated sample was inves-
tigated by giving an isothermal remanent magnetization (IRM)
in progressively increasing magnetic fields (Fig. 4c). Acquisition
of IRM was uniform and continuous throughout the experiment
indicating a very broad coercivity spectrum, and saturation IRM
was not reached even in a field of 45 kOe produced by a cryogenic
magnet.

The strong—field IRM was demagnetized thermally using a
high-temperature vector magnetometer which permits quasi-con-
tinuous monitoring of all three remanence components (Heiniger
and Heller 1976). An immediate, drastic decrease in intensity was
observed below 100°C (Fig. 4d); above this temperature only
a small erratic component remained.

During thermal demagnetization of the natural remanence of
the twin sample from this core the direction changed erratically
(Fig. 4e) after removal of a large initial component with very
low blocking temperature (Fig. 4f).

The combination of very high coercivity with extremely low
unblocking temperature (and Curie point, by inference) in the
IRM and NRM indicates that each remanence is controlled by
ferromagnetic goethite (Hedley 1971; Heller 1978) whose Curie
point is below 110° C. Erratic behaviour of remanence carried
by goethite can occur at room temperature (Fig. 4a, b), which
corresponds to the blocking temperature of some of the grains.

Polished sections were examined with a reflecting ore-micro-
scope. The observations were difficult because of the sparseness
of any opaque minerals. However, goethite was clearly identified
by its dull grey reflectance, with yellowish to reddish brown inter-
nal reflections, especially under oil-immersion. The goethite oc-
curred both as accretions of minute grains and as a pseudomorph
after pyrite, and may be presumed to have formed by alteration
of pre-existing pyrite in the latter case. The accretionary form
may have a similar origin, or it may be precipitated from iron
solutions within the sediment (Berner 1969). In either case the
goethite is secondary, and may originate long after deposition.
Remanence components carried by goethite post-date the Late
Tertiary folding of Jurassic limestones in the Swiss Jura mountains
(Van der Voo and Lowrie 1979), and goethite magnetizations
of opposing polarities were found in different samples from the
same core in the Frankenjura limestones of southern Germany
(Heller 1977).

Samples which contained a dominant fraction of goethite as
magnetic mineral were therefore rejected from further paleomag-
netic analysis, on the grounds that they did not possess a primary
remanence component. The remanence directions carried by goe-
thite showed no systematic grouping, before or after tectonic cor-
rectlon.

Summary

In most samples magnetite and goethite were present in compara-
ble proportions. The AF and thermal demagnetization of NRM
showed intermediate characteristics between those in Figs. 3 and
4. During IRM acquisition (Fig. 5a) there was an initial sharp
increase in magnetization below 1 kOe. The saturation of the mag-
netite component was followed in higher fields by an increasingly
steep acquisition curve which does not saturate in 45 kOe, typical
for the goethite component. Continuous thermal demagnetization
of the IRM (Fig. 5b) shows an initial sharp drop below 100° C
due to the goethite component. This is followed by a more or

13
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less regular unblocking of the magnetite component until 500° C,
above which the signal is mostly instrumental noise.

Demagnetization treatment was therefore specifically oriented
towards extracting the direction of the magnetite component, by
AF demagnetization in the range 100—500 Oe or by thermal de-
magnetization between 100° C and 500° C. A satisfactory general
treatment consisted of thermal demagnetization to 150° C (to elim-
inate the goethite component) followed by AF demagnetization
to define the direction of the magnetite component.

Characteristic Remanent Magnetizations

Each sample was AF or thermally demagnetized in several steps.
The ChRM was derived with the aid of vector diagrams and
vector difference computations. Data were rejected (a) if the mag-
netization was too weak to measure accurately, (b) if the rema-
nence was too unstable to be of use, (c) if the only remanence
component resided in goethite, and (d) if the intermediate (magne-
tite) component was too small or too weakly defined to be deter-
mined with acceptable precision. All Cretaceous samples, 34 Ju-
rassic and 27 Triassic samples were rejected on the first two
grounds, a further 30 Jurassic samples were rejected for the last
two reasons.

In general the differently demagnetized (one AF, the other
thermal) twin samples from the same core gave similar ChRM
directions, which were therefore averaged. The ChRM sample
directions for each of the 5 Jurassic and 3 Triassic sites are shown
in Fig. 6 and 7 respectively. All Triassic samples were normally
polarised, and the directions were closely grouped. A few reversely
polarised samples were measured at one of the Jurassic sites (com-
pare Fig. 3); the Jurassic directions were somewhat more dispersed
than the Triassic directions.

At site FH08 the ChRM directions are smeared out, and some
appear to lie near a great circle connecting the normal and reversed
polarity groups. This is an indication that the ChRM directions

N

SITE FH09 25 Samples

Fig. 6. Stereograms of ChRM
directions at the 5 Jurassic sites,
individually and collectively

JURASSIC
SITES
FH01, FHoz, FH07-09

9/. Samples
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Table l. Fisher statistical analysis of sample directions

Sampling description Mean Directions

Before bedding corrections After bedding corrections

Age Site N(n) R D I oc K R D I oc K

Jurassic FH01 13(14) 12.49 304 31 8.7 23.59 12.42 307 47 9.3 20.66
FH02 14(24) 13.49 288 40 8.0 25.47 13.64 303 46 6.8 35.68
FH07 10(12) 8.72 251 28 19.6 7.03 8.71 260 49 19.7 6.95
FH08 8(9) 7.74 308 63 10.8 27.35 7.74 318 47 10.8 27.30
FH09 18(25) 17.32 282 36 7.1 24.98 17.38 290 55 6.7 27.59

All cores 63 57.06 285 39 5.8 10.44 58.66 296 51 4.9 14.29

Jurassic Pole Position 292E 40N 5.8 10.63

Triassic FH10 17(31) 16.75 296 33 4.5 62.82 16.74 294 43 4.6 60.69
FHll 13(19) 12.73 290 43 6.3 44.78 12.72 295 41 6.4 42.61
FH12 4(6) 3.96 286 42 10.7 74.39 3.96 290 41 10.8 74.03

All cores 34 33.26 293 38 3.7 44.63 33.41 294 42 3.3 55.91

Triassic Pole Position: 285E 33N 3.1 62.26

N (n)=number of cores (samples), D/I=declination/inclination of mean direction, oc=95°/o confidence circle radius, K=precision parameter
(Fisher 1953)

SITE FHIO 31 Samples SITE FHH 19 Samples

SITE FH12 TRIASSIC
SITES
FH10-12

Fig. 7. Stereograms of ChRM directions at the 3 Triassic sites, individu-
ally and collectively

6 Samples 56 Samples

of these samples are not the primary directions. However, inspec—
tion of the AF demagnetization vector diagrams of these samples
revealed well-defined trajectories to the origin. We have no satis-
factory explanation for these deviant directions. The suspect sam-
ples came from a common region of a small roadside quarry
in which the limestone was rather karstic in varying degrees. These
ChRM directions were excluded from further paleomagnetic anal-
ySlS.
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The statistical analysis (Fisher 1953) of the core directions
is given for each site and age in Table l. Tectonic corrections
within each site did not have much effect on the directional disper-
sion because within-site bedding attitudes did not vary much.
Between-site corrections slightly improved the directional scatter
of each age group.

Discussion

Although Permian and Carboniferous paleomagnetic pole posi-
tions are well defined for Europe, only a single African pole of
acceptable quality exists for each of these geological epochs. The
Mesozoic portions of African and European apparent polar paths
(APW) are weakly defined. To overcome these difficulties Van
der Voo and French (1974) reconstructed the ancient positions
of the Atlantic-bordering continents and combined for each epoch
paleomagnetic data which they considered to be of acceptable
quality. Subsequently, Irbing et a1. (1976 a—b, c) compiled summ-
aries of all paleomagnetic data up to 1975, including the latest
Russian results. Irving (1977) adopted more liberal acceptability
criteria for these data than Van der Voo and French had applied.
He combined the data in fairly broad moving windows (20—40 Myr
interval width) and produced smoothed APW paths for Eurasia,
North America and Gondwana (in which the continental recon-
struction of Smith and Hallam 1970, was assumed). These paths
are in fact swathes of variable width (Fig. 8) corresponding to
the different radii of 95% confidence along the trajectory.

A pseudo-African APW path (VandenBerg 1979) can be con-
structed by rotating the North American APW path about the
appropriate rotation poles for the opening of the north Atlantic
ocean (Sclater et a1. 1977). This path (Fig. 8) lies quite far from
the Gondwana APW path of Irving (1977). In order to bring
North America and Africa into their positions for the Bullard
et al. (1965) reconstruction a large dextral transcurrent displace-
ment of about 3,500 km, ending by the Late Triassic, must be
invoked (Irving 1977). The discrepancy between Laurasian and
Gondwanan paleomagnetic data was noticed earlier by Van der
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Table 2. Comparison of palaeomagnetic directions measured in Sardinia
(40.3°N, 9.7° E) in Mesozoic limestones with those expected from the
Eurasian and African (Gondwanan) APW paths of Irving (I977)

Middle and Triassic
Late Jufassic

D I D I

Observed mean direction 296 51 294 42

Expected directions
African 330 42 338 47
European 7 46 25 12

Inferred CCW rotation

Sardinia relative to
Africa 34° 44°
Europe 73° 91°

Voo and French (1974) who also proposed a dextral shear between
the supercontinents, of smaller magnitude than that proposed by
Irving (1977).

As reference APW path for Africa in this study we take the

portion of the rotated North American APW path from the present
to 160 Myr B.P. and the Gondwana APW path for ages older
than 160 Myr. The Jurassic and Triassic pole positions for Sardin-
ian limestones lie far from the Eurasian and ‘African’ APW paths
(Fig. 8). By implication the island has undergone counterclockwise
rotations relative to both Europe and Africa.

The Jurassic and Triassic directions expected in Sardinia from
the appropriate segments of the Eurasian and ‘African’ APW
paths were computed, and compared to the observed paleomagnet-
ic directions in Sardinia for the purpose of determining the
amounts of rotation involved (Table 2).

The total counterclockwise rotation of Sardinia relative to Eu-
rope has been estimated at 45° (Storetvedt and Markhus 1978)
to 60° (Westphal et a1. 1976; Zijderveld et al. 1970) from Permian
porphyries, and up to 90° in Permian redbeds (Zijderveld et al.
1970). In a current study of Perrno-Triassic rocks very large direc-
tional rotations of 50°—100° have been observed (J .-B. Edel person-
al communication 1979).

The 70°—90° counterclockwise rotation inferred from Sardinian
Mesozoic limestones is in accord with the larger amounts of rota-
tion in older rocks. It is greater than previous estimates (60°)
based upon paleomagnetic data and on matching the Corso-Sar-
dinian and Provencal coastlines.

17



|00000024||

The declinations of the mean Jurassic and Triassic directions
measured in Sardinian Mesozoic limestones are practically identi-
cal. The total difference in direction of 9° is mainly due to the
difference in inclinations. In this respect the Sardinian directions
resemble African directions which have been rotated by 34°—44o
counterclockwise (Table 2). The similarity of Sardinian Permian
directions to African Permian directions was pointed out by Zijder-
veld et al. (1970).

Recently VandenBerg (1979) has associated Sardinia with Ad-
ria, a promontory of the African plate (Channell and Horvath
1976; Channel] et al. 1979). VandenBerg proposed that Adria (with
Sardinia) was decoupled from the African plate and underwent
a 25°—30° counterclockwise rotation relative to Africa in the Late
Tertiary. This rotation would be equivalent to the well-docu-
mented 30° rotation about 15—17 Myr B.P (Bellon et al. 1977).
The earlier rotational history of Sardinia would represent the rota-
tion of the African plate relative to the European plate.

Although our paleomagnetic observations follow the general
sense of VandenBerg’s interpretation, the total amount of observed
rotation is appreciably greater than that required by his model.
About 10°—15° of counterclockwise rotation of Sardinia relative
to Africa is unaccounted for.

Sardinian paleomagnetic data support a paleohistory in which
Sardinia rotated relative to both Africa and Europe, presumably
as an independent microplate. The new Mesozoic data imply that
the earlier rotational phase occurred since the Late Jurassic.

Conclusions

Paleomagnetic data from Mesozoic limestones in Sardinia were
of variable quality. All Cretaceous samples were rejected because
of instability or weakness of the remanent magnetization. The
magnetizations of Jurassic and Triassic samples were carried by
primary magnetite and secondary goethite. The direction of a
stable ChRM component carried by magnetite was extracted in
as many samples as possible.

The new Mesozoic data, interpreted in conjunction with Ter-
tiary and Paleozoic data, support the concept that Sardinia has
undergone two phases of counterclockwise rotation relative to
both Europe and Africa. The more recent rotation as an indepen-
dent microplate occurred in the Early Miocene. The earlier rota-
tion was also at least partly a microplate rotation relative to
both neighbouring plates. It occurred in the Paleogene or Creta-
ceous, since our Late Jurassic data also show its effects. In could
not be timed more exactly in the present study because of the
unsuitability of our Cretaceous samples for paleomagnetic analysis
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A Geotectonic Paradox: Has the Earth Expanded?
P.W. Schmidt and B.J.J. Embleton
CSIRO Division of Mineral Physics, P.O. Box 136, North Ryde, NSW 2113, Australia

Abstract. From the recognition of common apparent polar-wander
(CAPW) paths for Africa, Australia, Greenland, and North Amer-
ica in the early Proterozoic, we have deduced that these continents
today occupy approximately the same relative locations on the
globe as they did in the early Proterozoic. However, there is abun-
dant geochemical, geological, geochronological and tectonic evi-
dence for landmasses having been much less dispersed in the Pre-
cambrian than they are now. It is shown in this paper that an
Earth of about half the present radius accomodates the present
continents in such a manner that this paradox can be satisfactorily
resolved, and we propose that between about 1,600 Myr and
1,000 Myr ago, the Earth expanded to approximately its present
dimensions. A change from Proterozoic to Phanerozoic tectonic
styles is supported.

Key words: Tectonics — Earth expansion — Palaeomagnetism.

Introduction

Two types of model have been proposed to characterize the devel-
opment of foldbelts (mobile belts) during the Proterozoic: those
based on horizontal motions (plate tectonics), and those relying
more on vertical motions (ensialic orogeny). The applicability
of plate tectonic processes has been questioned, on the basis of
the geological relationships between the mobile belts and their
adjacent Archaean cratons (Clifford 1968; Anheusser et al. 1969;
Shackleton 1969; Sutton and Watson 1974). In addition, Briden
(1973) gives palaeomagnetic evidence from African cratons which
‘flatly eliminates the possibility that hemisphere—sized oceans have
been destroyed between these cratons’. Similar palaeomagnetic
analyses of data from Africa (Piper et al. 1973), Australia (McEl-
hinny and Embleton 1976; McElhinny and McWilliams 1977)
and North America (Irving and Park 1972; Irving and McGlynn
1976; Roy and Lapointe 1976; Irving and McGlynn 1979; Irving
1979) indicate that Proterozoic mobile belts are not a consequence
of large-scale horizontal motion, although it has always been ac-
cepted that small-scale motion would not be detectable. If small-
scale motions were such that ocean basins closed, leaving the
juxtaposed landmasses exactly as they were before opening, then
obviously the motions would not affect apparent polar-wander
paths (APWP). However, it has been stressed that this style of
tectonics should only be expected under very special circumstances
(McElhinny and McWilliams 1977) and, as Briden ( 1973) empha-
sizes, instantaneous Euler poles for young ocean basins move
substantially, reducing the probability of reversibility.

In the face of the above, Burke et a1. (1976) and Cavanough
and Seyfert (1977) still propose large-scale horizontal motions
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and consequent collisions between cratons as the cause of Protero-
zoic mobile belts on the grounds of uniformitarianism, and have
constructed sophisticated APWP for the North American Protero-
zoic in support of their proposals. However, this approach has
been widely criticized by palaeomagnetists (McElhinny and
McWilliams 1977; Roy et a1. 1978; Irving 1979) because the
APWP is needlessly corrupted. While large-scale horizontal mo-
tions have been shown to have occurred in recent geological time,
it remains conjecture to extrapolate these recent tectonic styles
to ancient geological situations. Until two decades ago, the unifor-
mitarian doctrine was that the continents had never moved with
respect to each other but, in the light of Palaeozoic and Mesozoic
palaeomagnetic data (first obtained by Runcorn 1956; Creer et al.
1957; Graham and Hales 1957; Irving and Green 1958), this view
had to be abandoned. Thus uniformitarian arguments can be com-
pletely misleading and, in fact, the over-riding opinion among
authors is that tectonic styles have changed through geological
time.

Comparisons of Proterozoic Apparent
Polar-Wander Paths (APWP)

Analyses of Phanerozoic palaeomagnetic, palaeogeographic, bio-
graphical and climatological data (Smith et al. 1973; Irving 1977;
Morel and Irving 1978; Scotese et al. 1979) all reveal that the
continents were clustered in two or three supercontinents, which
apparently drifted independently prior to their union to form Pan-
gaea in the middle to late Phanerozoic.

Proterozoic reconstructions of continents are a more specula-
tive topic. Piper et a1. (1973) present palaeomagnetic evidence that
Africa and South America, which comprise a major part of Gond-
wanaland, existed as a single continent from as early as 2,200 Myr
until 500 Myr ago (i.e., from the beginning of the Proterozoic
until its breakup in the late Phanerozoic). They suggest further-
more that North America might have been a part of this supercon-
tinent, at least until 1,000 Myr ago. Subsequently, Piper (1974,
1976) concluded that most of the continental crust formed a Pan-
gaea (in the broad sense) during the Proterozoic. However, Irving
and McGlynn (1979) contend that the palaeomagnetic and geo—
chronological evidence is insufficient to argue convincingly for or
against the hypothesis of a single supercontinent.

Our approach (Embleton and Schmidt 1979) has been to com-
pare APWP for the few intervals of time for which path sections
are fairly well established for more than one continent. These
are: (i) 2,300 Myr to 1,900 Myr ago, for which APWP have been
constructed for North America (Irving and McGlynn 1976; Roy
and Lapointe 1976; Irving and McGlynn 1979; Irving 1979) and
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Fig. l. Common apparent polar-wandering (CAPW) path from
2,300 Myr to 1,600 Myr ago. Circles are poles from Africa, inverted
triangles from Australia, upright triangles from Greenland and squares
from North America (after Embleton and Schmidt 1979). Open symbols
refer to the obscured hemisphere. No reconstructions have been used

for Africa (Piper et al. 1973; Briden 1973); and (ii) 1,800 Myr
to less than 1,600 Myr ago, for which APWP have been defined
for Australia (McElhinny and Embleton 1976; McElhinny and
McWilliams 1977) and for Greenland (Piper and Steam 1976),
and through which the North American data cited above extend.

The agreement between the APWP from the different conti-
nents plotted on the present—day globe is striking (Fig. 1) and
we find it veryr surprising that these Proterozoic pole positions
should lie along the same path. On the other hand, it would not
have been surprising to find this had we first constructed a super—
continent such as Pangaea, which existed in the early and middle
Phanerozoic. Common apparent polar wandering (CAPW) would
appear to have occurred relative to these three continents in their
present-day positions.
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Fig. 2. Polarity patterns for the data plotted in Fig. l. The polarities
of magnetization of rock units have been determined, assuming the
paths are north polar tracks. Ci'osed symbol’s represent normal polarities,
open symbols represent reversed polarities, and other symbois represent
mixed polarities

Implications for the Arrangement
of Precambrian Continents

From a fixed disposition, Africa, Australia, Greenland and North
America, in much the same form as we now know them, ap-
parently began to drift with respect to each other sometime after
1,600 my. ago. The continents coalesced to form Laurasia and
Gondwanaland, which in turn formed Pangaea before the Mesozoic
disintegration, returning them to their primaeval locations. This
aspect of the data raises some important considerations regarding
the early history of the continents. While the possibility of true polar
wandering having occurred is interesting in itself, it is the rela-
tionships between the various continents, rather than the relation-
ships of the continents and the pole, which are of prime concern here

21



|00000028||

The simplest interpretation of the data plotted in Fig. 1 is that,
in the Proterozoic, the continents were arranged in a similar manner
to their present-day configuration. Another possibility is that one
(or more) of the pole paths has been assigned the wrong polarity,
resulting in a 180° error in plotting the data, which would result in
a 1800 error in reconstruction of those continents from which the
data had been obtained.

We believe we can eliminate this latter possibility on the
grounds of the polarities of pole positions plotted in Fig. 2. If
the pole paths shown in Fig. 1 are assumed to be north polar
paths, then the polarities of rock units can be defined to be normal
if greater than 90% of the samples studied have positive magnetic
inclinations and the collection sites are closer than 90° to the
pole position, or if the inclinations are negative and the sites
are greater than 900 from the pole. Reversed polarities are defined
if the converse of the above is true, and mixed polarities are
defined on the basis of the ratio of polarities falling between
10% and 90%. Some directional data, particularly for African
pole positions, are unavailable and consequently it is not yet possi-
ble to assign polarities to these poles (Piper et a1. 1973). If the
pole paths are actually south pole paths, then obviously the oppo-
site of these definitions holds, but this does not affect the following
argument.

While necessarily crude, the basic polarity biases revealed in
Fig. 2 are fairly clear. Normal polarities predominate from
2,300 Myr to about 2,100 Myr ago, when reversed polarities be-
come more common. Around 1,650 Myr ago normal polarities
again prevail. If we had inadvertently assigned the opposite polar-
ity to one of the pole paths, then it is doubtful that any pattern
at all would have emerged, rather the paths should appear to
be uniformly mixed. Thus we feel confident that the polarity con-
vention assigned is the same for all pole paths — whether the
real polarities are normal or reversed is immaterial at this stage.

A Tectonic Paradox

If continents have returned to relative locations similar to those
that they occupied during a large part of Proterozoic time, then
some fundamental tectonic mechanism must surely be implicated,
which should be capable of explaining (i) why continents that
were widely separated were not in relative motion and (ii) what
became of the intervening crust when the continents eventually
drifted to form supercontinents. On the basis of the distribution
of Proterozoic foldbelts and their associated cratons, Hurley and
Rand (1969), Engel and Kelm (1972), Hargraves (1976), Glikson
(1976) and Moorbath (1977) believe that these ancient regions
are now much more dispersed on the globe than when they were
formed.

The tectonic argument as discussed by Engel and Kelm (1972)
and Hargraves (1976) reveals a symmetrical alignment of major
Archaean tectonic patterns over 3,000 Myr old within the frame-
work of pre-drift continental clusters. From an analysis of the
best preserved of these terrains in North America, Africa, Austra-
lia and India, it is apparent that the ‘global tectonics between
2.5 and 0.7 b.y. did not involve the large-scale rifting, dispersion,
reorientation and reagglomeration of the continental clusters
that is typical of the post-Permian’ (Engel and Kelm 1972). Evi-
dence based on basement ages complements the tectonic argument
and indicates that shield areas, when considered to be clustered
in coherent groups, are surrounded by progressively younger conti-
nental crust. Such an ordered ‘concentric arrangement and the
limited degree of scattering of the ancient continental cratons
make it difficult to conceive of a series of drift motions prior
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to the breakup that occurred within the last 200 million years’
(Hurley and Rand 1969).

The notion of a coherent sialic regime was clearly favoured
by Glikson (1979). However, in response to an explanation regard—
ing the nature of the remaining three-quarters of the Earth’s crust,
Glikson concluded that ‘ a tectonically inert simatic regime is diffi-
cult to reconcile with the intense tectonic and thermal activity
in contemporaneous mobile belts’ An alternative model, compris-
ing ‘dispersed sial and sima plates’, was discounted on geochemi-
cal grounds, unless evidence for a Proterozoic simatic regime has
been removed (e.g., by subduction) without leaving a geological
and geochemical trace. However, it is precisely this configuration
of continental dispersion that is clearly favoured from our analysis
of the palaeomagnetic data.

There are therefore two contradictory lines of argument.
isotope geochemistry, geochronology and tectonics, favouring the
in situ growth of mega-continents; and palaeomagnetism, appar-
ently indicating dispersion of continents during the early Protero-
zoic. We believe that the evidence for both interpretations is cogent
enough to warrant an attempt to reconcile this paradox.

A Possible Solution

The simplest interpretation of the palaeomagnetic data alone is
to maintain the present Earth dimensions and invoke a modified,
non-random form of plate tectonics. In the light of the geological
and geochronological evidence for the existence of super-conti-
nents in the Precambrian, such an approach would appear to
be naive. All aspects must be considered if the paradox is to
be resolved.

We have noted previously (Embleton and Schmidt 1979) that
the Lower Proterozoic and present locations of the continents
are consistent with Carey’s (1976) model of radial Earth expansion.
However, we are not refuting the palaeomagnetic evidence against
expansion according to Carey (Cox and Doell 1961; Ward 1963,
1966; McElhinny et a1. 1978), but rather we are drawing attention
to the fact that if the Earth expanded such that the continents
moved radially apart, then the gross effect on the palaeomagnetic
data would be very similar to that actually recorded (Fig. 1). Pa-
laeomagnetic pole positions are invariant under radial expansion.
This point has been elaborated recently (Schmidt and Clark 1980)
and shown to indicate that an insignificant amount of Earth expan-
sion has occurred since the Palaeozoic. Thus we are in full agree—
ment with McElhinny et a1. (1978), who applied Ward’s (1963,
1966) method and concluded that Earth expansion is limited to
0.8% in the last 400 Myr. The intriguing point is that Proterozoic
expansion of the Earth resolves the above paradox. The effect
of expansion on the pole paths is shown in Fig. 3. By comparison
with Fig. 1, it is clear that the general form of the pole paths
remains the same for an Earth of almost half the present radius
as it does for the present-sized Earth.

The method employed to recalculate the pole positions plotted
in Fig. 3 is an adaptation of Ward’s method (1963, 1966). First
the mean palaeomagnetic site geographic coordinates are calculat-
ed for each separate continent and these points used as the zero-
stress points in Ward’s model. The method is not very sensitive
to the choice of zero-stress point (Van Hilten 1968) unless it is
greater than 90° away from the palaeomagnetic sites, in which
case Ward’s model fails (Schmidt and Clark 1980). This situation
does not arise in the present analysis.

Each palaeomagnetic site and pole subtends the same geocen-
tric angle for different Earth radii, so the effect of reducing the
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Fig. 3. The pole positions plotted in Fig. 1 have been recalculated follow-
ing Ward (1963), for a small Earth of a radius equal to 0.55 of the
present radius. This demonstrates the general invariance of APWP for
different radii

radius and recalculating site and pole coordinates is to redistribute
the poles, because the geocentric angle between sites and the zero-
stress point will increase. This. is the basis of Ward’s method
as applied to Phanerozoic data, and the radius that corresponds
to the best grouping of poles (highest k, see Fisher 1953) is assumed
to be the most likely radius. This radius estimate is probably
biased upwards slightly, due to distortion inherent in the transfor-
mation (Schmidt and Clark 1980).

Precambrian palaeomagnetic data are not yet amenable to such
treatment because they are relatively scarce and their age estimates
are too imprecise. Interestingly enough, though, there appears
to be a tendency for poles to group more closely at about
2,100 Myr and 1,900 Myr (and perhaps 2,200 Myr) ago on the
small Earth model than they do on the present-sized Earth. It

Fig. 4. The continental outlines have been recalculated and fitted for
a small Earth of 0.55 present radius by using an adaptation of Ward’s
(1963) method

is not possible at this stage to ascertain the significance of this,
because there is a possibility of real age differences between some
of these poles. Nevertheless, the analogous application of Ward’s
method to Precambrian data would be to search for the radius
that yields the most refined (narrowest and probably least com-
plex) APWP. From this point of view, the small Earth model
is seen to have some merit.

The choice of a globe with a radius equal to 0.55 of the present
Earth radius stems from the demonstration (Creer 1965) that the
present continents can be fitted to it without leaving serious under-
lap or overlap. The fit ‘appears too good to be due to coincidence
and hence requires explaining’ (Creer 1965). While Creer used
perspex shells for model continents, which proved far superior
to earlier attempts at sketching continents on small globes, we
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have digitized the continental outlines (roughly every 10°) and
used Ward’s method to recalculate the outlines for an Earth model
of 0.55 present radius.

The main continents, with the exception of Eurasia, have been
treated as individual and indivisible crustal units, in keeping with
their supposed primaeval integrity (see above). Smaller islands,
isthmuses and peninsulas (many of recent origin) have been dis-
pensed with to simplify the analysis. The continental elements
comprising Eurasia existed as a number of distinct regions during
much of the Phanerozoic (Morel and Irving 1978; Scotese et al.
1979), and Eurasia has been subdivided accordingly into Baltica,
Siberia, India and China (after Scotese et al. 1979).

There is little point in attempting a'more rigorous treatment
of Eurasia, which has undergone so much post-Proterozoic defor-
mation. Indeed all continental areas have been deformed to some
extent relatively recently, and there is obviously a difficulty in
recognizing ancient outlines, particularly in the Pacific region.
Thus it is unreasonable to expect that an analysis such as this
should lead to the perfect fitting of present continents on a smaller
globe. For Africa, Australia, Greenland, and North America, the
same zero-stress point as that used for the palaeomagnetic analysis
was used in calculating the continent outlines on the small globe.
For other continental fragments, a point near the centre of each
was chosen.

Once continental outlines were transformed to the small globe,
Africa, Australia, Greenland, and North America were held fixed,
because the pole positions plotted in Fig. 3 were calculated from
these locations. South America was reconstructed to its pre-drift
location by using an Euler pole equivalent to that defined by
Smith and Hallam (1970), and Antarctica and Arabia were likewise
reconstructed to Australia and Africa respectively. Siberia was
fitted against the west coast of North America according to Sears
and Price (1978), then India and China were fitted by inspection.
Because of the slight, though unavoidable, distortion of the conti-
nental outlines on the small globe, it is not possible to calculate
exactly equivalent Euler poles to those used on the present-sized
Earth. However, taken in the context of this analysis, the problem
is insignificant.

The resulting reconstruction (Fig. 4) reveals considerably more
underlap than overlap, probably due to the omission of some
small landmasses. Overall, though, the continents appear to inter-
lock remarkably well. By implication, the proto-hydrosphere is
present in the form of epicontinental seas. Most areas of overlap
are related to Cenozoic or Mesozoic deformation, although those
in North Africa and Greenland, and South Africa and Antarctica,
appear to be related to Palaeozoic foldbelts. Thus for an Earth
of 0.55 present radius, Proterozoic geological, geochronological
and palaeomagnetic information can be simultaneously resolved.

While the Earth-expansion hypothesis is at present a controver-
sial topic, it is perhaps appropriate to draw an analogy with the
development of the plate tectonic theory. It is barely two decades
ago that many eminent geophysicists denounced any suggestion
that continents would drift. Now only an insigificant few doubt
it. As Creer (1965) concluded, ‘It may be fundamentally wrong
to attempt to extrapolate the laws of physics as we know them
today to times of the order of the age of the Earth and of the
Universe’.
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Application of Magnetotelluric and DC Electrical Resistivity Methods
in the Neapolitan Geothermal Area
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Abstract. In 1977 a number of electrical dipole-dipole deep sound-
ings, magnetotelluric and geoelectrical Schlumberger soundings
were carried out in the Neapolitan volcanic region in order to
test the application of these electrical techniques in a geothermal
area.

The geothermal anomalies in this area, which are bordered
by faults and magnetic intrusions, are correlated with a decrease
of the electrical resistivity of the carbonate basement and a broad-
ening of one of the upper layers, which has a low resistivity.

The limestone basement morphology deduced from magneto-
tellurics agrees with that obtained from gravity interpretation.
The methods applied, especially the magnetotelluric method, can
evidently be very valuable in a geothermal area.

Key words: Magnetotellurics — Geoelectric dipole-dipole soundings
— Geothermal areas.

Introduction

The Neapolitan volcanic area, in common with most of the areas
affected by active or recent volcanic activity, is a very promising
area for geothermal exploitation. The geothermal potential of this
area has been recognized since 1940 and several bore holes have
been drilled at Phlegraean Fields and Ischia.

The geological and tectonic situation of the area has been
caused by continuing geodynamic processes, which have built up
the Apennine chain on one side and the Thyrrenian bathyal plane
on the other.

Four main volcanic systems are present in this area: Somma-
Vesuvio, the Phlegraean Fields, Ischia and Roccamonfina (Fig. 1).
Besides these main centers, several other volcanic displays or tracks
of aborted volcanism have been identified.

Radiometric ages of the Campanian volcanic products show
that activity started here between 1 and 2 m.y. ago.

In particular the Phlegraean Fields volcanism is very recent,
its oldest outcrop being the Campanian ignimbrite about 30,000
years old. Activity has continued up to present, the last eruption
being that of 1538 (Monte Nuovo).

A number of geological, geophysical and vulcanological studies
have been carried out in recent years, aimed at the reconstruction
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of Germany
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of the main structural trends and the relationship between volcanic
and tectonic activity, the evaluation of the vertical and the horizon-
tal temperature distribution and the study of the tectonic state
of the area (Barberi et al. 1977). The aim of such research was
both the correct planning of the local volcanic surveillance and
the evaluation of the geothermal potential of the area.

One of the main targets in both cases is the detection and
physical characterization of hot magmatic bodies which are, in
some way, intruded into the crust. Such bodies may stay at shallow
or moderate depths and heat the host rock to create a thermal
reservoir.

During 1977 a geophysical survey was carried out in this area
as part of the European Community research program for geother-
mal energy development. Financial support was also granted by
the German Ministry for Research and Technology and the Italian
National Research Council, Special Energy Program. This re-
search was planned and carried out jointly by research teams
of the Institute of Geology and Geophysics of Naples, the Institute
of Geophysics and Meteorology of the University of Braunschweig
and the Vesuvian Observatory. Magnetotelluric and Schlumberger
geoelectrical soundings were made with the aim of testing these
methods in a geothermal area of sufficiently well known general
structure. A number of dipole-dipole electrical deep soundings
were carried out to compare this technique with others that could
be used in an area of this type.

In this paper the conclusions of previous geological and geo-
physical research are reported briefly together with the results
of the present geoelectrical and magnetotelluric campaign.

The aim of this paper is to define a general model of the
area which takes into account all the available geophysical results
and may represent a working model for the small scale detailed
surveys which will be carried out in the area for geothermal explo-
ration.

Structural Setting

Seismic refraction data together with long wavelength gravity
anomalies show that, in the Neapolitan region, the Moho discon—
tinuity is at a depth of about 30 km, with a dip toward the Apen—
nine chain, and that the top of the crystalline layer is at about
9—10 km (Corrado et al. 1974).

Magnetic data show that the crust in the Italian western side
is characterised by a low susceptibility indicating a continental
crust. Magnetic anomaly maps indicate, in the Neapolitan area,
the presence of conspicuous igneous masses within the crust and
the sedimentary layers (Corrado et a1. 1977).
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A detailed gravity survey carried out in the Neapolitan volcanic
area, along profiles crossing the main gravity trends normally,
allows a detailed reconstruction of the morphology of the carbon-
ate Mesozoic basement (Carrara et al. 1973). It is interpreted as
showing that the basement is divided by several normal faults
into two structural lows. In the middle there is a structural high
which approaches to within 1.5 km of the surface. The depth
to the basement is about 4km north and south of the central
high (Fig. 2).

A detailed seismic reflection survey was carried out in the
bays of Naples and Pozzuoli and the seismic data confirm the
above interpretation (Finetti and Morelli 1974).

Intense magnetic short wavelength anomalies were recognized
along the same profiles, often located where the gravity data indi-
cate a fault. Figure 2 shows an example for this good correlation
on the two parallel profiles, A and B. The boundaries of the
structural high are shown in Fig. 1. As indicated in this figure,
the northern boundary can be extended westward, to where Car-
rara et al. (19?4) inferred another magnetic intrusion from a mag-
netic anomomaly near Lago Patria, which is shown in Fig. 12.
This is an important result as it demonstrates first, that consider—
able magmatic activity is present in the whole Campanian region
and in areas where no volcanic surface activity is recognized and
second, that a close relationship exists between tectonic and mag-
matic activity, where the main faults are the preferential feeding
channels of the local magmatism.

Taking into account the ages of both the neotectonic dilatant
activity and of the volcanic products, it may be concluded that
magmatic activity in this area depends strictly, in both space and
time, on the Quaternary dilatant tectonic activity (Carrara et al.
1973).

Stratigraphy

The main units of the rock sequence constituting the sedimentary
series of the Campanian area are the following (see Fig. 3):

Corbonoceous Mesozoic series (basement): made up of dolomitic
rocks under limestone rocks with an overall thickness, inferred
geologically, of about 6 km. Both the dolomite and the limestone
have a high permeability due to the presence of a large number
of fissures, as evident in outcrops and wells in the Apennine area.
Impermeable marls and clay horizons are also present in the series,
but they do not modify the general high permeability of the se-
quence.

Tertiaryflysch complex." of variable thickness, generally some sev-
eral hundred meters, with marls and clay horizons with variable,
but generally low, permeability. This represents the main imperme-
able layer of the Campanian area.
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Fig. 2. Magnetic and gravimetric profiles
in the geothermal area of Parete-Naples.
In the figure the AT and Ag anomalies
along profile A and B of Fig. 1 and the
resulting models are shown. Carbonate
basement deduced from gravity
interpretation; igneous intrusions
deduced from magnetic interpretation
(Carrara et a1. 1973, 1974).

A T
(nT)
1+0

0

4.0

-80

l
-2000

“4'000 l

‘o
Ap: -0.39r/cm3 „(92996

b V:
b

Loose Pyroclastics (Phlegraean Fields) Quarternary20,5 km:

Clay. Conglomerates. PllO- Quarternary
Sand, Gravel, Mixed Layers
Volcanic Products

220,5 km Marl, Clay (Flysch) Tertiary

E Limestone rocks

:
Mesozoic

2: GMT" -------------------------- Carbonate
: Basement

Dolomitic Rocks

Crystalline Rocks

Fig. 3. Rough sketch of the sedimentary series of the Campanian
area

Plio-Quaternary detritic complex. with impermeable (clays) and
permeable (conglomerates, sand and gravel) horizons. Recent vol-
canic rocks are included in this complex. The main volcanic prod-
ucts are: ignimbrite and tuffs (Campanian grey tuff, Ischia green
tuff, Phlegraean yellow tuff), incoherent pyroclastics, often altered
by hydrothermal processes, scoriae and lava flows. The ignimbrite,
tuffs and the other pyroclastic rocks show a high porosity and
a low permeability.

In particular, the Phlegraean Fields area is covered mostly
by loose pyroclastics; welded tuffs with variable porosity constitute
the skeleton of the Phlegraean Fields and outcrops in the older
volcanic centers. A few lava flows of limited extent are present
at the surface. All these rocks often show chemical alteration
due to the high temperature of the geothermal fluids.

Seismic Activity and Soil Deformation

The seismic activity is restricted mainly to the very center of
the Phlegraean Fields area. Since 1970 attention has focussed on
this area due to the exceptional ground uplift, reaching a maximum
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Temperature data from 5 different
drillings are taken at a depth of 250 m
(Baldi et a1. 1976). Point 2 has the highest
thermal gradient. Point P is a deep well
near Parete (1,800 m depth)

of 1.5 m in 1972. Results of the studies by Corrado et al. (1976—
1977) also give valuable data for the evaluation of geothermal
modelling of this area. Several epicenters are concentrated around
the town of Pozzuoli and several others seem to be aligned parallel
to the Baia coast (see Fig. 1). The focal depth data show that
the great majority of quakes originated at depths less than 5 km,
in most cases less than 3 km.

Several simple deformation source models were computed to
fit experimental horizontal and vertical deformation trends. The
best fit was obtained for a 75° inclined dike, having its top at
the depth of about 3 km where most of the focal depths are
located.

Seismic and deformation data are therefore compatible with
the hypothesis of a dike-shaped magmatic mass intruded at shallow
depth during that time interval.

Temperature Data

The anomalous thermal state of the area can be deduced from
a number of high temperature fumaroles and hot springs. More-
over, several temperature measurements have been carried out
in drill holes located in the Neapolitan area and particularly in
the Phlegraean Fields and Ischia (Penta 1949; Penta and Conforto
1951 a, b; Minucci 1964).

Data from the Phlegraean Fields (Penta 1949) area have been
re-analyzed and the isotherm distribution based on data from
the 8 most significant holes is reported in Fig. 4 (Rapolla 1977).
It shows a drastic uplift of the isotherms in the center of the
Phlegraean Fields.

On the basis of the isotherm pattern and assuming that the
rocks at depth have similar thermal and hydrological properties,
it can be hypothesized that temperatures higher than 300° C can
be found at depths of about 2 km. It should be pointed out that
a temperature higher than 300° C was measured at the bottom
(1,842 m) of the Agnano well (CF23), which is located on the
periphery of the geothermal system shown in Fig. 4.

Recently five test holes and a deep well (P in Fig. 2) were
drilled north of the Phlegraean Fields. Gradients of geothermal
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interest were found only in an exploratory drilling (see Fig. 2)
just south of Parete (z150o C/km, point 2). West and east of
this area temperature values decrease rapidly to normal. The deep
well was located at about 2 km north-west of point 2 and a temper-
ature of only 70° C was measured at the well bottom (1,800 m),
confirming the normal gradient in this area.

DC Electrical Soundings

Shallow and deep Schlumberger vertical soundings were made
in the Phlegraean Fields and surrounding areas. The results of
these soundings reveal that the resistivity of the local volcanics
is extremely variable. The electrical resistivity of the local pyroclas-
tics is in the range 50—500 firm, and is reduced to less than 20 Qm
when the rocks are thermally altered or filled with saline water.
Outcropping lava flows and compact ignimbrites show a resistivity
as high as 3,000 Qm (Carrara and Rapolla 1972).

About 25 deep Schlumberger soundings were carried out north
of Phlegraean Fields by Baldi et al. (1976). Low resistivity areas
were found between Parete and Giugliano (about 5 km south-east
of Parete) with an electrode separation of about 1,000 m. The
tendency toward high resistivity values at the longest electrode
distances (AB/2 23,000 m and more) was interpreted by these au-
thors as due to the resistive carbonaceous Mesozoic basement.

During the present survey nine DC electrical soundings were
made using a polar dipole-dipole configuration (Alfano 1974).
The distance between the two dipoles reached a maximum of
18 km (No. 2). The locations and directions of receiving dipoles
are indicated in Fig. 6. The ground was energized by a current
commutated at a period of 60 s, which was sufficiently low to
avoid skin effects. The signal at the potential dipole was recorded
digitally. The final evaluation of the potential differences was
made subsequently by an autocorrelation computer analysis.

Dipole-dipole data were transformed into half Schlumberger
data, as shown in Fig. 5, for interpretation. As both the dipole-

KmI

'- 175°

a 200° Fig. 4. Isotherm pattern in the Phlegraean Fields
"-I2625'C (after Rapolla 1977). a, b, c, d, e are different layers

of volcanic products. isotherms

pa
(Qm)

102-

10‘-

100 I Î I1 2 3 l.1o 10 10 10 AB/2(m)
Fig. 5. Half-Schlumberger transformed dipole-dipole soundings
nos. 3 and 4, Phlegraean Fields area (see Fig. 6 for location)

dipole and the half Schlumberger configuration are asymmetrical,
the soundings should be referred not to the receiving dipole centre,
but to a zone located towards the source dipole. But obviously,
as the layering may not be horizontal, this criterion does not
always hold. In spite of the limitations such as lack of geoelectrical
stations and lateral control, a preliminary interpretation was at-
tempted.

The interpretation of the field data shows that highly conduc-
tive layers (<20 Qm), clearly correlated with the presence of sea
water, are found in most cases at shallow depth in the area investi-
gated. An example is curve No.3 in Fig. 5. The thickness of
the low resistivity layer is variable, from a few hundred meters
to 1.5 km. At this depth a high clay content layer is generally
found. Underneath this layer the resistivity increases. It seems
probable that the geological sequence corresponding to the first
part of the geoelectrical curve is the post-Mesozoic sedimentary
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sequence in Fig. 3, whereas the highly resistive layer corresponds
to the Mesozoic carbonate basement. The Tertiary flysch layer
cannot be identified. Because of the very low resistivity of the
surface layers, it was impossible to discriminate the increasingly
resistive layers.

The whole resistive sequence reaches a depth of at least 5 km,
which is the maximum depth explored. A different picture was
found near the Cuma crater (sounding No. 4) where a clear lateral
discontinuity occurs, indicated by the steep decrease of the pa-curve
at an AB/2 of 2 km. In this case it is not clear whether the low
resistivity layer is covered by a high resistivity layer or whether
this is an effect of the lateral discontinuity. Nevertheless the low
resistivity layer seems to reach a much greater depth of at least
4 km. Because of a lack of data, we have been unable to interpret
the soundings fully.

In conclusion, the results of these deep geoelectrical soundings
can be considered only as preliminary. Although several technical
and interpretative problems arise in the application of this configu-
ration, it has proved to be the most convenient DC geoelectrical
method for investigations down to several kilometers depth.

Magnetotelluric Soundings

In order to probe the structure of the crustal sections of the
area down to about 10 km, 17 magnetotelluric measurements were
carried out along two profiles as shown in Fig. 6 (Musmann et al.
1977; Hunsche and Duske 1978). The well-known geothermal
anomaly of the Phlegraean Fields is located on the NS profile
from point MT9 southward and the supposed geothermal anomaly
of Lago Patria is located between points MT4 and MT6. The
EW profile starts from this anomaly (MTS). The well-known ther-
mal anomaly of Parete has its center at point MT 2/1, which
corresponds within 100 m to point 2 of Baldi et al. (1976) and
which has the highest gradient in this anomaly (see Fig. 2). The
measurements were carried out with 3 MT stations, all measuring
two orthogonal components of the electric field and the three
components of the magnetic field by induction coils. Two stations
(IFNO and IGMl) worked completely automatically and were
powered by batteries. The third (BGR) was equipped with a com-
puter and was able to evaluate the complete pa and phase curves
in the field, which is very important for control of the quality
of the results and for optimisation of measuring times. The stations
operated in a frequency range 0.2—1,000 s (BGR), or 2~l,000 s
(IFN0 and IGM l). The data were evaluated by statistical frequency
analysis. The computed impedance tensors were rotated into the
principal directions and the pa and phase curves for the two ortho-
gonal directions were calculated for each point. These were the
basis for the model calculations, which were a combination of
direct model calculations and an inversion method based on the
Marquard algorithm, for which both, pa and phase curves were
used.

The derived pa and phase curves are of high quality. Examples
are shown in Fig. 7a and b. In most cases the pa values have
a standard deviation of less than 3% and the phases of less than
5° The pa and phase curves for the two orthogonal measuring
directions at one point, have very small differences in most cases.
In addition, the corresponding skewness coefficients are very small
(<0. I). These parameters indicate that the subsurface is essentially
one-dimensional. In order to get an idea of the influence of the
coast effect, two-dimensional model calculations with 3 different
frequencies were carried out (Steveling, Göttingen, private com-
munication). The results are not shown here, but they show that
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the coast effect has an influence on the pa curves of 20% in
the worst case. For these reasons one-dimensional model calcula-
tions are suitable.

To get a first overview of the results, pseudo-cross-sections
of both orthogonal pa and both orthogonal phases are drawn
for each profile. Because of the small differences, the results for
only one direction are shown in Figs. 8a, b, 9a, and 9b. The
magnetotelluric method is based on the electromagnetic skin-
effect: the period T is a distorted depth scale and the pa pseudo-
sections are rough and distorted cross-sections of the subsoil. The
phase cross-sections are more difficult to understand, but they
show nearly the same information.

The most striking characteristics in Figs. 8a and 9a are the
local minima of pa at MT 5 (1.8 (2m), MT 9 and MT 10 (1 Qm)
and MT 2/2 (4.8 Qm). The minimum at MT 2/2 coincides quite
well with the thermal anomaly at Parete which is centered on
MT 2/ 1 and with the structural high, together with the dike shaped
magnetic intrusion (see Fig. 2 and Fig. 13). The minimum at MT
9 and MT 10 correlates with the geothermal anomaly of the Phle-
graean Fields and the minimum at MT 5 coincides with the mag-
netic anomaly and the inferred magnetic dike, shown in Fig. 12.
These are promising results which have to be verified by exact
model calculations.

In order to find out the resistivity of the upper 300 m, which
are not covered by magnetotellurics, 23 Schlumberger soundings
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Fig. 7. a pa curve for magnetotelluric sounding MT2. b Phase curve for magnetotelluric sounding MT2

with electrode separations up to 1.8 km were carried out. The
results are described by Musmann et a]. (1977). The measuring
locations are shown in Fig. 6.

The final result of the one-dimensional magnetotelluric and
oC-Schlumberger interpretation for the NS profile is shown in
Fig. 10. Five layers were detected in the area; it was not possible
to interpret the data by a consistent model with fewer layers.

l. The top layer is derived mainly from geoelectric soundings.
It has a thickness varying between 30 m and 270 m and represents
the freshwater layer. The resistivity and thickness is dependant
on the distance from sea.

2. The second layer is a sedimentary and volcanic layer filled
with saline or brackish water; its resistivity ranges between 4

and 20 Elm. This layer reaches a maximum depth of about 1.600 m.
It covers the most part of layers 1 and 2 in Fig. 3 and was also
found by the DC dipole-dipole measurements.

3. The third layer has very low resistivities between 0.9 and
3 (2m and a thickness up to 900m. It is highly probable that
it consists of clay deposits which are found in several wells. The
thickness and the resistivity of this layer can be evaluated in nearly
all cases within an accuracy ofabout 20%. Normally the parameters
for low resistivity layers can be determined very well using magneto-
tellurics. It seems not to represent the Tertiary flyseh layer which
lies deeper, on top of the carbonate basement (see Fig. 3).

4. The fourth layer seems to be filled again with saline or
brackish water, like layer two. In both layers (2 and 4) it is not

31



|00000038||

M12 MIT3
M16

M11. M15 [4116.5 M17 M18
1 1 J l l

MT 10.
M19 M110 LM111

1 1 1

S E
MT2I3 MTZIÎ MT 212

5 a 0'. 1 1 1

100 -

_————T(sec) 1000—

.4 1 MT? MIT3bo1"
5km/

/60

20
/10

10‘ 5

25.4,

mm
mm: ms Lyra 5 Ml M10

00

//28œ33/à30 i

MT10 5 S
M3 M110 M111

o
L——.__l s_/80° 70‘

0\

0
10
5

5/ R 5

M1; M13 M'I'llo MTS MTZÆ MTZMTÆ

Â

©>0/
1000 — ‘0

Fig. 8. a Magnetotelluric pseudo—cross-section of pan for the NS
profile. The isolines of pa in Qm are shown as a function of
period T. b Magnetotelluric pseudo-cross-section of phases (p21
for the NS profile. The isolines of go in ° are shown as a function
of period T

MTZ 3 l. 5 6 657 8 9

11-15000 700010000 3500 5000 200020003200 )1) 1.000500030003000

Fig. 10. Results of model calculations for the NS profile derived
from Schlumberger soundings and magnetotelluric deep soundings.
p values in (2m

32

1010—
/

5
15
+

A 5
U
0)
1n

7: 100 -

2 5
\+’51o/—/2c\

1000 a \

Fig. 9. a Magnetotelluric pseudo-cross-section of pan for the EW
profile. The isolines of pa in Qm are shown as a function of
period T b Magnetotelluric pseudo-cross-section of €021 for the
EW profile. The isolines of (p in ° are shown as a function of
period T

11 1km
!——0

MTS 1412/3 211 212
W E
0 75 ‚70 100 1.00

T 0
22

l.

2 - 161° 13
3 _

1. - 5000 1850 1000 9000

km

Fig. 11. Results of model calculations for the EW profile derived
from Schlumberger soundings and magnetotelluric deep soundings.
p values in Qm



|00000039||

N1 MTZ 3 z. 5 6 65 7 8 9 1o 10511 5
1 l l 1

430—1—130
1 4 1 4—1

30 120 3a 1970 20 6 85 a 920 5,01.,0
18 1a 1 1 09 17 19 20 z. 1513

1 13 12 15 13 253

Fig. 12. Crustal section along NS profile (see Figs. 1 and 6 for
location). Numbers: p in Qm.777777 top of carbonate basement
from magnetotellurics; top of carbonate basement from
gravity; // magnetic intrusion. Low resistivity zones in the
carbonate basement are also indicated

possible to find the further subdivisions suggested by drilling.
Its resistivity ranges between 9 and 27 Elm and its thickness reaches
2.5 km. This layer consists of the lower part of layer 2 and of layer
3 in Fig. 3. The layer could not be differentiated by the DC dipole-
dipole measurements.

5. The highly resistive basement (generally 3,000 Qm and more)
represents the limestone and crystalline sequence which cannot
be differentiated. The high resistivities of the carbonate and dolo-
mitic rocks have been confirmed by two additional magnetotelluric
measurements in the Appenine mountains, where the basement,
as deduced from magnetotellurics, outcrops. The depth to the
top of the carbonate basement varies between 3.7 and 1.8 km.
The depth can be determined with an accuracy of i400 m taking
into account the high quality of data and the assumption that
the lateral differences of the resistivities in layers 2 and 4 in Fig. 10
have to be small. This fifth layer was also found by DC dipole-
dipole measurements.

It can be seen clearly in Fig. 10 that the supposed limestone
basement is closer to the surface toward the Phlegrean Fields
area and shows special highs at the anomalies of Lago Patria
and the Phlegraean Fields. This can also be said of the low resistivi-
ty layer 3. Moreover in the southern part the resistivity of layer 3
is higher by a factor of 2 or 3 and the layer is also much thicker.
These results are not changing due to the principle of equivalence,
and could not be found by the DC dipole-dipole measurements.
The EW profile (Fig. 11) shows a very similar situation approaching
the Parete anomaly. At first glance it is surprising that the striking
pa-minima in Figs. 8a and 9a do not appear so clearly in Figs. 10
and 11, but they can, in fact, be explained mainly by a rise in the level
of layers 3 and 5 and a broadening of layer 3. As a final result
Fig. 12 shows a crystal section of the NS profile obtained by
magnetotelluric, gravity and magnetic data. It can be seen that
there is good agreement between the gravity and magnetotelluric
depths to the top of the carbonate basement. Moreover it is re-
markable that lower resistivities result in the basement in the
vicinity of the magnetic dike, which is situated on a tectonic fault.
Another deep, low resistivity zone is at point MT 8, which lies
on the north-western boundary of the Phlegraean Fields and may
be due to a fault.

Figure 13 shows an equivalent crustal section for the EW pro-
file. The agreement between the two top depths of the carbonate
basement is a bit worse than for the NS profile. But again a
low resistivity zone results in the vicinity of the magnetic dike
just on the boundary of the above mentioned structural high.
Moreover this is the area of the geothermal anomaly of Parete.

._.____5""‘4 MT2/1
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_ l l l

~2ooo
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Fig. 13. Crustal section along EW profile (see Figs. 1 and 6 for
location).77777 top of carbonate basement from magnetotellur-
ics; top of carbonate basement from gravity; // mag-
netic intrusion. A low resistivity zone in the carbonate basement
is also indicated

Conclusions

One of the results of this survey is the delineation of the local
limestone basement morphology by magnetotelluric soundings.
The picture obtained agrees fairly well with that deduced by gravity
interpretation. The agreement between two independent geophysi-
cal methods makes the final picture very reliable. It should be
stressed that magnetotellurics obtain deep results in a geological
setting where the DC dipole-dipole sounding method seems to
fail.

The resistivity of the Mesozoic basement is generally between
3,000 Qm and 10,000 (2m. Low values are found in the Lago Patria
area (2,000 firm), on the western side of the Parete structural high
(1,000 Qm, 1,850 firm) and on the northwestern side of the Phle-
graean Fields (330 Qm). These values may be related to a local
increase of the water content due to a higher amount of fissures
in the vicinity of tectonic faults together with a possible increase
of temperature and salinity.

Comparing the results obtained on the structure in the Phle-
graean Fields and Parete areas and the available temperature dis-
tribution, a number of conclusions can be proposed:

1. In both geothermal areas there is a connection between
the structural high and the welling up of the isotherms.

2. At least at Parete and most probably in the Phlegraean
Fields area, the presumed heat sources are magmatic masses in-
truded in the faults which border this structural high.

3. Related with these faults there is a decrease of the basement
electrical resistivity.

4. A hot magmatic body could not be detected as was hoped
in the beginning of the investigation. Probably no magmatic body
exists but there the problem of discriminating between the effects
caused by water and by high temperature remains.

5. It should be mentioned moreover that the low resistivity
layer 3, detected by the magnetotelluric survey, broadens in the
Phlegraean Fields and Parete areas. This may be due to the altera—
tion of the sediments as found by drillings in the Phlegraean
Fields area. If this hypothesis holds the broadening of this layer
at points MT 6.5 and MT 7 just south of Lago Patria can be
explained in the same way.

6. The Lago Patria and Parete areas are characterized by mag-
netic anomalies. The anomalies centered between points MT 6.5
and MT 6 as well as between MT 2/3 and MT 2/1 were interpreted
as caused by dike shaped intrusions into the limestone. Note that
no thermal anomaly has yet been detected at Lago Patria. Al-
though the tectonic situation is similar to the two other areas,
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no magnetic anomaly seems to be present at the northern border
of the Phlegraean Fields where the volcanic activity is much more
recent and the thermal anomaly bigger.

7. As shown, the electrical methods applied, especially the
magnetotelluric method, can be valuable tools for the exploration
of areas of geothermal interest, if combined with other methods.
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Abstract. Angular variations of seismic velocities have been ob-
served in the Earth and attributed to some form of anisotropy
caused by aligned crystals, orientated cracks and inclusions, and
laminated strata. The exact analytical expressions for the velocities
in each particular symmetry-system, derived from the Kelvin-
Christoffel equations, are complicated functions of the elastic con-
stants and cannot be easily manipulated. This paper examines
the form of the velocity variations for the several systems of elastic
symmetry; five of these seven symmetry-systems have been sug-
gested for possible Earth structures. We shall demonstrate that
the approximate equations of Backus (1965) and Crampin (1977 a)
are good estimates for the velocity variations in symmetry planes
of all symmetry systems, but not in general for off-symmetry
planes. These equations are linear in the elastic constants, and
provide a convenient link between velocity variations and elastic
constants, if used judiciously. The behaviour of shear waves in
off-symmetry directions is complicated by pinches, caused by the
proximity of shear-wave singularities, where the two shear-waves
exchange polarizations. Despite the restrictions to their use, the
equations are the fundamental relationship for a number of model—
ling studies.

Key words: Anisotropic symmetry — Velocity variations — Approxi-
mate anisotropic velocities — Shear-wave singularities: Kisses,
Intersections and Point singularities.

Introduction

Azimuthal velocity variations of Pn waves have now been observed
in a variety of tectonic regimes: in lithosphere formed at oceanic
ridges (Hess 1964; Raitt et al. 1969; and many others); beneath
the Rhinegraben (Bamford 1977); and beneath the Western USA
(Bamford et al. 1979). Upper-mantle velocity-anisotropy beneath
much of Eurasia is also implied by the polarization of higher-mode
surface-waves (Crampin and King 1977), and beneath much of
the Pacific Ocean by the polarization of fundamental-mode sur-
face-waves (Kirkwood and Crampin in press 1980 b). Azimuthal
anisotropy throughout the whole of the oceanic lithosphere be-
neath the NAZCA plate is suggested by the velocity variations
of fundamental-mode surface-waves (Forsyth 1975). Most of these
observations are equivalent to measuring the velocity variations
in a single plane-section of the anisotropic material, and place
little constraint on the choice of symmetry-system or the three
dimensional nature of the velocity variations in the upper mantle.

This system is usually taken to be some orthorhombic orientation,
since crystalline olivine, the supposed major anisotropic constitu-
ent, has orthorhombic symmetry.

In the crust, exploration seismologists have long recognised
that regular sequences of thin sedimentary beds may simulate
a homogeneous transversely-isotropic material, and hence have
hexagonal symmetry (Postma 1955; Backus 1962; Levin 1978).
However, it appears that very little direct evidence for transverse
isotropy has yet been found. Crack anisotropy (Crampin 1978)
also suggests a number of potential sources of anisotropy in the
crust, with a variety of possible symmetry-systems, although only
one has yet been observed (monoclinic symmetry. Crampin et al.
1980)

We see that anisotropy in the Earth is still in a largely descrip-
tive stage of investigation, although the theoretical and numerical
development is now quite advanced. Clearly, inversion of in situ
anisotropy is important for the information it may contain on
material composition, lithology, three-dimensional velocity—struc-
ture, and tectonics (by identifying the stress field) (Crampin 1977 b;
Crampin and Bamford 1977; Crampin et al. 1980; Kirk-
wood and Crampin in press 1980a and b). However, the larger
number of elastic constants to be specified make it more difficult
to invert anisotropic than isotropic structures (Crampin 1976;
Crampin 1977a; Kirkwood 1978).

One further complication in anisotropic media is that the direc-
tion of the ray-, wave-, or group-velocity vector deviates from
the phase-propagation vector for both body and surface waves.
It is the phase-velocity which appears explicitly in most analytical
expressions, whereas it is the group-velocity arrival which is usually
observed on seismograms.

The phase-velocities of the three orthogonally-polarized body-
waves that propagate in anisotropic media ( a quasi P-wave, qP, and
two quasi shear-waves, qSI and qS2, or qSH and qSV where appro-
priate) are solutions of the Kelvin-Christoffel equations (Musgrave
1970; Auld 1973). These solutions are rational functions of the
elastic constants and direction cosines, depend on the particular
symmetry-system, and are sufficiently complicated to make it diffi-
cult to estimate the constants from observations of velocity, even
when the particular symmetry-system can be identified. Conse-
quently, we make use of the approximate equations of Backus
(1965) and Crampin (1977 a), which are much easier to manipulate.

There are many references to anisotropic symmetry in crystallo-
graphic literature (Nye 1957; Musgrave 1970; Auld 1973). Perhaps
the major reference in geophysics is Backus (1970), which gives
a strictly mathematical background to symmetry-systems. The nu-
merical techniques used in the present paper are applicable general-
ly and do not depend on the particular symmetry-system. The
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paper discusses the velocity variations in six of the seven systems
of anisotropic symmetry, five of which are possible configurations
within the Earth (Table l), and focuses attention on several aspects
of particular importance to seismologists, which are not adequately
treated elsewhere:

1. The relevance of the approximate equations of Backus (1965)
and Crampin (1977a) to particular symmetry-systems,

2. the importance of the 29 and 49 variations with direction
for understanding the behaviour of body-waves,

3. the significance of the singularities of shear-wave slowness-
sheets for the propagation and polarization of shear-waves (see
also Crampin and Yedlin 1980).

Approximate Equations for Variation
of Phase-Velocity

Backus (1965) determined approximate equations for the varia-
tions of qP velocity over a plane in a weakly anisotropic solid
in terms of linear combinations of the elastic constants, and cosines
and sines of the angle of azimuth. We shall demonstrate in subse-
quent sections that these equations are strictly applicable only
to velocity variations in planes of mirror symmetry, and, although
they may be good approximations in some off-symmetry planes,
they are not good in all such planes. Crampin (1977a) derived
similar expressions for shear-waves propagating in symmetry
planes. These equations of Backus and Crampin provide a simple
direct link between the velocities and the elastic constants, and
have proved very convenient for estimating anisotropic elastic
constants from velocity variations (Crampin and Bamford 1977;
Crampin 1978; Crampin et al. 1980).

The azimuthal variations in the velocities of body-waves propa-
gating in the x3=0 plane of mirror symmetry of a weakly an-
isotropic material can be written (Backus 1965; Crampin 1977 a):

qzp=A +Bccos 20+Bssin 29+ Cccos 49+ Cssin 49,
qZSH =D+Eccos 49+Essin 49, and
qZSV=F+ Gccos 26+Gssin 29, (1)
where A={3(C1111+C2222) +2 (C1122+2C1212)}/8‚

Bc:(C1111—02222)/2‚
Bs=(02111+c1222)‚
Cc={c1111'i'02222'—2 (C1122+201212)}/8‚
Cs=(C2111—C1222)/2‚
D={C1111+C2222"2 (01122—201212)}/8
EC: ”Cc,
Es: _Csa

F=(C1313+C2323)/2‚
Gc=(C1313—02323)/2‚
Gs=02313,

p is the density, q is the velocity of the qP wave, VqSH and
VqSV are the velocities of the quasi shear-waves with polarizations
parallel (qSH), and perpendicular (qS V) to the plane of variation,
cjkmn are the moduli of the elastic tensor rotated so that the x3-axis
is normal to the plane of variation, and 9 is the azimuth of propa-
gation measured from the xl-axis. The x1, x2, and x3 axes are
not necessarily principal axes. If 9 is measured from a direction
of sagittal symmetry (x2=0, a plane of mirror symmetry), the
coefficients of the sine terms are identically zero in Eq. (1) leaving
the reduced equations in cos 29 and cos 49.

The shear-waves have polarizations strictly parallel and perpen-
dicular to the plane of variation only if the plane possesses mirror
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symmetry (this restriction, although obvious, has not been stated
explicitly in previous publications). The polarizations of the shear-
waves (qSI and qS2) are not parallel or perpendicular to generally
orientated planes of variation, and the coefficients of the expan-
sions in these cases are not simple combinations of elastic
constants. The expansion for qSI and qS2, even in solids with
weak anisotropy, cannot generally be expressed in terms of trigo-
nometric functions of 29 and 49, but also require 69 and higher
terms for their description. The approximations are the first five
terms of the Fourier Series expansion of the velocity variations
— the complete expansions for general orientations contain an
infinite number of terms. We find that the various restrictions
on the application of these approximations to modelling studies
present few problems in practice, because most symmetry-systems
have sufficient symmetry planes for the equations to be easily
applied.

Equations (1) are correct, with the restrictions given above,
to the first order of the differences between anisotropic and iso-
tropic elastic constants; the following figures demonstrate that
the equations are good approximations even for strong anisotropy.
It should be noted that the goodness of fit of the equations to
any anisotropic velocity variation depends on the particular sym-
metries and the particular elastic constants and cannot be general-
ized in terms of, say, the fit being good to a certain percentage
of velocity anisotropy.

Velocity Surfaces, Wave Surfaces,
and Shear-Wave Singularities

We display the variations of phase-velocity with direction in var-
ious structures for the several systems of anisotropic symmetry.
These curves are sections of what is sometimes called the velocity
surface. However, this velocity surface is not what is usually ob-
served in field or laboratory experiments. In anisotropic media,
energy propagates with a component (usually small) parallel to
the wave front. Thus the energy travels along a ray at an angle
to the propagation vector and propagates with the group-velocity.
The surface traced by this energy radiating along rays from a
point source in a given time is known as the wave surface, or
ray surface (Postma 1955; Musgrave 1970). This surface is the
envelope of the wave fronts (Synge 1957). Sections of the wave
surface cut by symmetry planes take a particularly simple form:
the wave or group-velocity is

Vw = ( V2 + (dV/d0)2)1’2‚
in a direction (2)
(p = tan ’ 1 [( Vsin9 + (dV/d9)cos9)/( Vcos9 — (dV/d9)sin9)],

where V(9) is the velocity in a direction 9 in a symmetry plane
(Postma 1955, first applied these equations to transversely-isotrop-
ic symmetry, but they are applicable generally, to symmetry planes
in any system of anisotropic symmetry). The wave surface is very
close to the velocity surface when the anisotropy is weak, and
near symmetry directions in stronger anisotropy. In geophysics,
where anisotropy is likely to weak (observed to be less than 8%
in the upper-mantle although possibly stronger in some crustal
rocks), velocity surfaces will generally be good approximations
to wave surfaces.

Sections of the wave surfaces and velocity surfaces for struc-
tures with hexagonal symmetry are compared in Fig. 3 below.
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These hexagonal examples have much weaker velocity-anisotropies
(a maximum of 10% for qSH in zinc oxide, and 20% for qP
in the cracked structure) than those in the remaining figures, and
the wave surfaces and velocity surfaces are very close together.
The structures with large anisotropies in the other figures have
wave surfaces (not shown) which are substantially different from
the velocity surfaces and frequently display cusps. However, we
are using the structures to demonstrate the form of the velocity
variations and the fit of the approximate equations for particular
symmetry conditions, and these forms will be retained in weaker
concentrations, where the wave and velocity surfaces do not differ
significantly.

Crampin and Yedlin (1980) draw attention to the singularities
of shear-wave velocities, where there are coincident roots. These
are most easily considered in the slowness surfaces; there are three
types of singularity; kiss singularities, where the two sheets touch
tangentially, either convexly or concavely, but do not intersect;
intersection singularities, where the two sheets intersect each other
(possible only with hexagonal symmetry); and point singularities,
where the two sheets have a common point at the vertex of two
cones on their surfaces. Intersections are comparatively straight-
forward and do not cause any particular complications in either
propagation or interpretation. Point singularities are places where
the inner and outer surfaces exchange polarizations at a point.
For variations in planes which pass near, but not through, such a
point the waves exchange polarities at a pinch without coming
into contact. When the pinch is tight, the approximations (1) for
shear-waves are particular inappropriate. Pinches may cause con-
siderable complications in some types of shear-wave propagation
Crampin and Yedlin (1980).

Table 1. Symmetry systems (referred to principal axes)

Velocity Variations in Symmetry-Systems

The classes of elastic symmetry are usually divided into the seven
named symmetry-systems listed in Table 1, which are described
by the fourth-rank elastic-tensors of Fig. 1 (Nye 1957, noting the
errors in Nye’s specification for trigonal symmetry). These named
systems encompass the full range of symmetry structures possible
in homogeneous anisotropic elastic solids, and possible applica-
tions in the Earth are listed for five of the seven systems in Table 1.
The triclinic system is omitted from the discussion: its description
requires 21 independent elastic constants (Nye 1957), and the ve-
locity variations are too general to be usefully summarized (con-
veniently, triclinic symmetry has not yet been suggested for any
Earth structures).

The following figures show the velocity variations in symmetry
planes and the orthogonal corner x=0, y=0, and z=0 (which
we specify as x-cut, y-cut, and z—cut) for a range of anisotropic
symmetry-structures. Since the amplitude and sign of each varia-
tion depends on the sum and difference of various combinations
of elastic constants, these amplitudes and signs can vary widely
from material to material even within the same symmetry system.
The materials illustrated were chosen to display particular varia-
tions; further examples of crack systems relevant to the Earth
can be found in Crampin (1978). The figures should be examined
in relation to the other parameters of symmetry systems given
in Tables l and 2, and in Fig. 1.

The velocity variations show a variety of different forms. The
only general constraint is the near equality, but opposite sign,
of the amplitudes of the 40 variations of the squared qP and
qSH velocities in symmetry planes, as expected from (1).

52 identical: planesjoining edges_of prism;
(,(1 1 0))-, and ((1

x--cut (Fig. 6a)
3 y--cut (Fig. 6b)

2——cut (Fig. 6c)
Orthorhombic 9

0,))-cuts(Fig. 5c)

equal crack-densities (Fig. 4, Crampin 1978)

Aligned olivine-crystals in the upper mantle
(Hess 1964; Avé Lallemant and Carter 1970;
Crampin and Bamford 1977)

Biplanar cracks with unequal crack-densities

Symmetry Number of Number and specification of symmetry planes Possible symmetry structures in the Earth
system independent

elastic
constants

. 3 identical: x—, y_’ ging g-cuts (Fn 2a) Orthogonal triplanar-systems of cracks withCubic 3 9 61dent1cal: planes JOlnlng oppos1te s1des e ual crack-densities (Fi 5 Cram in 1978)of cube (diagonal—cuts) (Fig. 2b) q g. ’ p

z—cut (Figs. 3b, and 3d)
L1tholog1c alignments (011 shale, Kaarsberg

a . . . 1968); thin sedimentary sequences (Postma 1955;Hexagonal 5 All planes through ax1s of cyl1ndr1ca1 . . .
s mmetr . z-axis (Fi 3 3a and )

Backus 1962; Levm 1978); or1entations of
y y. g ' C olivine in upper mantle (Francis 1969)

. 3 3 identical: sides of trian ular rism;rigonal 6(7)
x- ((1 1/3'0» and ((1fi3-0))cuts (Fig. 4a)

None known

2 identical: sides of square prism; x-, and
y--cuts (Fig. 5a) . .

Tetragonal 6(7)
b 2cut (Fig 5b)

Orthogonal b1planar systems of cracks With

}Monoclinic 13 l {z-cut (Fig. 7c)

Triclinic 21 None

(Crampin et a1. 1980)

None known

Systems with hexagonal symmetry are transversely isotropic when the symmetry axis is vertical
The name of the system refers to two possible configurations of constants. The identification of symmetry planes and possible Earth structures

refer to the configuration with fewer constants
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ISOTROPIC CUBIC HEXAGONAL

a c c . . . a c c . . . a C d
c a c c a c c a d

c c a c c a d d b
x e e

x e e
x e x

where where

X=(a-c)/2 x=(a-c)/2

àTRIGONAL (1) TRIGONAL (2) TETRAGONAL (I)

a c d f a c d f g . a C d
c a d -f c a -f -g . C a d
d d b d d d d b
f -f e f -f e z e

e g -g e y e
y X . . . z y x . . . . . f

where where

x=(a-C)/2‚ x=(a-C)/2‚
and y = f y = f, and z = -g

TETRAGONAL (2)* ORTHORHOMBIC MONOCLINIC

a c d g a d e a d e j
c a d . -g d b f . . . d b f . k

d d b . e f c . . . e f C
e g g m

e h J k 1 h

g -g - . . f . . . . . i . . . m . i
Fig. l. The form of the elastic tensors for the various systems
of elastic symmetry, with the conventional choice of axes. The
letters a—m represent independent quantities in each tensor, unless
otherwise specified. The tensor for the triclinic system is not
shown. The starred tensors are more complicated varieties of the
unstarred tensors and will not be discussed in this paper

In order to make the results more easily intelligible to those
unfamiliar with crystallographic notation, we specifiy, where nec-
essary, the direction of wave propagation and orientation of
planes, not in terms of Miller indices, but in terms of the direction
cosines of the normal referred to the conventional Cartesian coor-
dinate system of the elastic tensor. Thus, the plane specified, within
double parentheses, as the ((a, b, c))-cut is the plane normal to
the line with direction cosines proportional to a, b, and c.

The velocity variations are drawn in rectangular rather than
polar coordinates, which would have preserved the direction of
propagation, because rectangular coordinates show details of the
variations more clearly. The solid lines in the figures are the exact
velocities calculated by the eigenvalue techniques of Crampin
(1977 a), and the dashed lines are the approximate velocity varia-
tions obtained by substituting the appropriate elastic constants
into (1).

Cubic

The velocity variations in the two types of symmetry plane of
cubic silicon, shown in Fig. 2, are typical of cubic structures.
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Fig. 2a and b. Cubic symmetry. Comparison of velocity variations of
the approximate equations with the exact phase-velocities of silicon (elas-
tic constants from McSkimin 1953), as a function of angle from a coordi-
nate axis, in the symmetry planes: a x-, y-, and z-cuts; and b the diagonal
cuts. In this and all following figures, the solid lines are the exact velocity
variations, and the dashed lines are from the approximate Eq. (1)

Table 2. Singularities of the shear-wave slowness-sheets. The figures in
brackets represent alternative but less-common configurations. The fig-
ures with asterisks represent point singularities on axes where symmetry
planes intersect (Crampin and Yedlin 1980)

Symmetry Kiss Intersection Point
system singularities singularities singularities

Cubic 6 O 8
Hexagonal 2 2, (O) O
Trigonal O O 2 * + 6, (2 * +18), etc.
Tetragonal 2 O 8
Orthorhombic O 0 4, (12, as in

Fig. 6), etc.
Monoclinic O 0 8, etc.

The velocity variations in the symmetry planes are very simple
and the approximations (1) are very close. The simplicity is decep-
tive. The shear-wave slowness-sheets have more singularities than
most other symmetry-systems (Table 2: there are six kisses, two
on each of the principal axes, and eight point singularities, one
in each solid quadrant at the intersection of the three diagonal
symmetry-planes. The shear-wave approximate equations (1) are
not good for off-symmetry directions, when there are so many
point singularities. The equations for P-waves are also not good
approximations in many off-symmetry directions: the ((1, 1, 1))—cut
has small 66 variations which clearly cannot be modelled by
the 20 and 46 variations of ( 1).
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Fig. 3a—d. Hexagonal symmetry. Comparison of approximate velocities, with phase and wave velocities of zinc oxide (Bateman 1962), in the
symmetry planes: a through the axis of symmetry; and b perpendicular to the axis of symmetry. Velocity variations of a structure GKFFl
with small dry parallel-cracks (Crampin 1978), in the symmetry planes: c through the axis of symmetry (the normal to the cracks); and d perpendicular
to the axis of symmetry. The fine-dashed lines are sections of the wave velocity—surface calculated by Postma’s (1955) equations

Hexagonal

Figure 3 shows the velocity variations in crystalline zinc-oxide,
where the P-wave variation has a largely 46 variation, and in
dry parallel cracks (GKFF 1, Crampin 1978), where the P—wave
has a largely 26 variation. Most hexagonal structures have shear—
wave slowness-sheets intersecting as they do in both structures
in Fig. 3. However, this is not always the case; randomly oriented
cracks with co-planar normals may have shear-wave slowness—
sheets with only two kiss singularities.

The reduced equations are good approximations to the phase-
velocities, and the variations of qP and qS V in any plane through
the axis determine all five elastic constants. Figure 3 also compares
the wave-and velocity-surfaces. As discussed previously, there is
very little difference between the two velocities for these compara-
tively weak anisotropies.

Earth structures in which the velocities of body-waves are in-
varient in horizontal directions are called transversely isotropic
by seismologists. Structures with hexagonal symmetry are trans-
versely isotropic perpendicular to the symmetry axis, and the term
“transverse isotropy” is sometimes used as if it were synonymous
with hexagonal symmetry. Strictly speaking, however, transverse
isotropic refers only to cylindrical symmetry, and structures will
possess hexagonal symmetry only if the average properties are
constant over depth intervals greater than a seismic wavelength.
Postma (1955) and Backus (1962) present techniques for deriving
the hexagonal elastic constants of structures made up of regular
laminations of thin isotropic beds.

Trigonal

Apart from the constraints on the 40 variations of qP and qSH
in the symmetry planes, wide variations of sign and amplitude
are possible for different trigonal structures.

The approximate Eq. (1) model the velocity variations of alpha-
quartz reasonably well in the symmetry planes (Fig. 4a), although
they cannot model the rapid changes in direction of qP and qSH
at some 75° from the z axis. The y- and z-cuts are not planes
of symmetry, and the shear-waves display pinches due to the prox-
imity of point intersections on the planes of symmetry. Conse-
quently, the shear-wave Eq. (1) are poor approximations in these
and other off-symmetry planes. The z-cut demonstrates the lack
of generality of the Backus (1965) P-wave approximations.

Tetragonal

The approximate Eq. (1) follow the main trends of the velocity
variations in the three types of symmetry plane of tetragonal rutile
(Fig. 5) but are not particularly close estimates, because rutile
has large velocity-anisotropy (50% for qSH wave in the z-cut)
with a marked 89 contribution. Apart from the constraints on
the 46 variations, the signs and amplitudes of the variations may
vary widely between different tetragonal structures. The shear-wave
equations are often poor approximations in the off-symmetry
directions due to the proximity of point singularities.

Orthorhombic

A comparison of the approximate velocities and the phase—veloci-
ties in the three symmetry planes of orthopyroxene-bronzite are
shown in Fig. 6. Except for the constraints on the 46 variations
of qP and qSH, all combinations of sign and amplitude variation
are possible for structures with orthorhombic symmetry. The re-
duced equations are good approximations in all three symmetry
planes. A variety of possible configurations of shear-wave singular-
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ities in other orthorhombic materials make the equations poor
approximations in many off-symmetry planes.

Olivine and many of the possible upper-mantle pyroxenes take
orthorhombic symmetry with comparatively minor differences of
sign and amplitude of the velocity variations. We note here that
the sign of the 46 variation of the P-wave in z—cut olivine is positive
(Crampin 1976), whereas the corresponding sign in orthopyroxene
is negative in Fig. 6c. Crampin and Bamford (1977) suggested

40
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that the sign and amplitude of the 46 variations in observed qP
velocity-anisotropy may be important as a structural discriminant.
Crampin and Bamford could fit observed oceanic velocity-an-
isotropy very well with mixtures of olivine and isotropic media,
whereas the velocity-anisotropy beneath the continental Rhinegra-
ben displayed negative 40 variations, and could not be directly
fitted by olivine mixtures. It is possible that the negative sign
of the observed velocity-anisotropy may be due to a higher pyrox-
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ene content in the upper-mantle beneath continents, although,
as the velocities of pyroxene are generally lower than the usual
sub-Moho velocities, the pyroxene would have to be mixed with
higher-velocity isotropic media to produce typical upper—mantle
velocities.

Monoclinic

The approximate velocities and phase-velocities for the monoclinic
structure BIPHPQ observed by Crampin et a1. (1980) are
shown in Figure 7. The shear-waves in off-symmetry planes
do not in general have polarizations parallel or perpendicular
to the planes, however, by chance, the shear wave polarizations

in the y-cut for this particular system are nearly parallel and
perpendicular to the plane. Except for the constraints on the 40
variations of qP and qSH in the symmetry plane, there are wide
variations of velocity and shear-wave singularity configurations
possible in monoclinic structures. The approximate equations are
very good approximations in the symmetry plane (z-cut) and the
y-cut in Fig. 7, but not in the x-cut, which demonstrates shear-
wave pinching: the qSI wave has nearly SV polarization, except
between the pinches at 20° and 60°, where the polarization is
nearly SH; similarly, qS2 has SH motion except for SV polariza-
tion between 20° and 60°.

BIPHPQ is derived from an observed P-wave velocity an-
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isotropy in Carboniferous limestone (Bamford and Nunn 1979)
due to a biplanar system of joints and fractures. The assumption
of cracks enables the P-wave anisotropy to be inverted to give
the full parameters of the cracks and the equivalent anisotropic
structure BIPHQP (Crampin et a1. 1980).

Conclusions

The velocities in Figs. 2—7 display wide variations in amplitude
and phase for different symmetry-systems. Wide variations are
possible for different materials within the same symmetry-system,
particularly in the behaviour of shear-waves for variations in off-
symmetry planes, where the two shear-waves may pinch together
and exchange polarization characteristics due to the proximity
of singularities in nearby planes.

The approximate expressions of Backus (1965) for P—waves,
and Crampin (1977a) for shear-waves, are good estimates for
the velocity variations in symmetry planes, and provide a direct
link between velocities and constants in these planes. In off-sym-
metry planes, the approximate equations may be very poor esti-
mates of both P and shear-wave velocities. However, despite these
limitations to the use of approximate equations, they are very
valuable in practice for transforming from velocities to constants
(Crampin 1978; Crampin and Bamford 1977; Crampin et al.
1980). Systems of symmetry have a number of symmetry
planes (Table 1), and the equations may be used by judicious
choice of origin and plane of variation.

It is interesting to note that it is difficult to place the systems
of anisotropic symmetry in any sequential order. It seems that
any particular parameter used for ordering — number of elastic
constants, number of planes of symmetry, number of shear-wave
singularities — leads to a different order. Each symmetry system
is unique and has unique features.

Anisotropic velocity variations take a number of significantly
different forms, which are difficult to classify in any simple way.
The percentage of velocity variation (( Vmax— Vmin)/ Vmax), usually
of the P-wave, in any given plane is sometimes called the coefficient
of anisotropy. It is clearly a very uninformative description: it
contains no information about the symmetry, the velocities of
the other body—waves in the given plane, or the velocities of any
waves in other planes, and we suggest it is not used in future.
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Shear-Wave Singularities of Wave Propagation in Anisotropic Media
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Abstract. Shear-wave singularities in systems of anisotropic sym-
metry are comparatively well known, but it has not been generally
realised that they may cause anomalies in shear-wave propagation
for neighbouring directions due to the behaviour of the polariza-
tions. Singularities are places where the two shear-wave slowness-
surfaces are continuous with each other through common points.
The most frequent type, a point singularity, is a place where
the two surfaces are continuous with each other through the ver-
tices ofcone-shaped projections from the surfaces. For directions of
propagation in a plane, which cuts the slowness surfaces near a
singularity, the velocities of the two shear-waves approach each
other in a pinch and at the pinch exchange polarizations and velocity
gradients. These singularities do not cause anomalies in plane
waves propagating in a uniform medium, but may cause mode
conversion and pulse-shape modification to waves with spherical
wave-fronts, and to rays of shear—waves, in varying anisotropic
media.

Key words: Shear-wave singularities — Point-, kiss-, and intersec-
tion-singularities — Pinches — Anisotropic shear-waves — Shear-wave
polarizations.

Introduction

There are three orthogonally-polarized body-waves propagating
in every direction in anisotropic elastic solids (Crampin 1977);
a quasi P-wave, qP, and two quasi shear-waves, qSI and qSZ,
or qSH and qSV if appropriate. The velocities of these waves
vary with the direction, and are roots of an equation, which can
either be written as a third-order polynomial in V2 (Synge 1957),
or a third-order eigen-value problem in V2 (Crampin 1977).

The three body—waves in each direction are generally distinct
and their velocities vary independently with direction. However,
the two shear-wave slowness-surfaces are analytically continuous,
which, in some directions, may introduce complications into the
shear-wave propagation. The easiest way to observe this contin-
uity is to trace the intersections of the shear-wave slowness-sheets
with the three orthogonal symmetry-planes round an orthogonal
comer of an orthorhombic material. It can be demonstrated that
polarizations of the two shear waves, propagating parallel to a
symmetry plane, are parallel and perpendicular, respectively, to
the symmetry plane (Crampin and Kirkwood 1980, hence-
forth called Paper 1). Hence, following the polarizations of one
of the slowness sheets, the inner sheet say, round the orthogonal

corner, the symmetry-plane polarizations indicate that the intersec-
tions must cross each other an odd number of times. The shear
waves of orthorhombic orthopyroxene (Fig. 6, Paper 1), for exam-
ple, cross three times, so that on completion of the corner we
are now on the outer sheet. The places where the waves cross
are singularities of the shear-wave surfaces.

Singularities in shear-wave slowness-sheets have been recog-
nised for many years (Duff 1960). Indeed, singularities of various
kinds are very common for shear waves in anisotropic media.
Symmetry considerations indicate that the two shear-wave slow-
ness-sheets of orthopyroxene have 12 singularities as just de-
scribed, and the two sheets of a cubic solid, which one might
have thought was a comparatively simple structure, have 14
singularities of various kinds (Paper 1). What has not been recog-
nised, however, is the behaviour of shear-wave polarizations near
such singularities and the disturbance this may cause to propagat-
ing shear—waves in neighbouring directions. This paper investigates
the properties of singularities and the behaviour of shear waves
at the various types of singularity. It is meant to be read in
parallel with Paper 1, which lists the singularities and other proper-
ties of the various systems of anisotropic symmetry.

It is appropriate to publish this work in the geophysical litera-
ture, because anisotropy may be important for mapping structures
in the crust (Crampin et al. 1980 b). In particular, investigating
shear-wave polarization-anomalies appears to be an important
technique for estimating upper-mantle anisotropy (Crampin 1977;
Ando et al. 1980), and for monitoring the progress of earthquake
dilatancy (Crampin 1978; Crampin et al. 1980 a).

Types of Singularity and Their Effect
on Shear-Wave Polarization

Duff (1960) demonstrated that the inner, qP, slowness sheet is
convex and wholely interior to the shear-wave slowness-sheets.
The two shear-wave sheets, however, come into contact at least
twice in anisotropic symmetry systems, and usually much more
frequently (Paper 1). The directions where the sheets are in contact
are singularities of the shear-wave propagation. In these directions,
the shear waves have coincident phase-velocities, possible group-
velocities form a cone about the phase-velocity direction, and
polarizations are any two vectors mapping out the plane perpen-
dicular to the qP polarization.

There are three main types of singularity. The first two types,
point- and kiss-singularities, mark discontinuities in the shear-
wave polarizations, where the polarizations on both sheets vary
rapidly with direction about the singularity. These singularities

0340-062X/8 l /0049/0043/ 350 1 .00
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may cause complications to shear-wave propagation in neighbour-
ing directions. The third type, an intersection singularity, is a
formal singularity only, and causes no particular complication
in shear-wave propagation.

Point Singularities

The velocity variations in the symmetry planes of the various
anisotropic symmetry systems frequently show the two shear-
waves crossing each other (Paper 1). In hexagonal symmetry sys-
tems, the crossing marks the simple intersection of the two shear-
wave slowness-sheets (see below). In all other symmetry systems,
the crossing marks a point singularity, where the two slowness-
sheets are continuous through the vertices of cone-shaped projec-
tions from the surfaces. The topological configuration is shown
in Fig. la.

Point singularities are observed to lie in at least one symmetry
plane. The velocity variations of each of the two orthogonally-
polarized shear-waves in such symmetry planes behave no differ-

052

Fig. la—c. Diagrams of the two shear-wave
slowness-surfaces showing the topology
near the various types of singularity:
at Point singularity,
b kiss singularity (class i), and
c intersection singularity

ently in the direction of the singularity from other directions in
the plane. In particular, the polarizations of the two shear-waves,
parallel and perpendicular, respectively, to the symmetry plane,
appear continuous across the singularity. However, in neighbour-
ing planes, which-pass near but avoid the singularity, the velocity
variations of the shear waves approach each other in a pinch,
and at the pinch, the waves on the inner and outer slowness-sheets
exchange polarizations, and velocity gradients. Figure 2a shows
the behaviour of the shear-wave velocities and polarizations in
one of the diagonal symmetry-planes of cubic silicon (see also
Fig. 2, Paper 1), and in some neighbouring planes. The pinches
may be extremely sharp for variations in planes passing very near
to point singularities, and the exchange of polarizations take place
within a very narrow range of directions.

Similar exchanges occur between modes in Generalized surface-
wave propagation in anisotropic layered media. The polarizations
and gradients of the velocity variations may be exchanged as
the dispersion curves of the two modes approach each other in
a pinch (Crampin and Taylor 1971). This happens in layered an-
isotropic structures, where the dispersion curves of Rayleigh and
Love modes cross each other in equivalent isotropic structures.

r052

Fig. 2a and b. Variations in cubic silicon near a point
singularity in a diagonal symmetry plane (see Paper 1).
a Upper figure: Phase-velocity variations: solid line —
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dotted line — plane 2° off symmetry-plane, showing
tight pinch; dashed line — plane 5° off symmetry-plane,
showing pinch; and broad dash — plane 10° off
symmetry-plane. Lower figure : Direction cosines of
the polarization of the slower shear-wave in the
off-symmetry planes, relative to normal (N), radial

— -._. _. ü... _. _. —~N u

7,/

BUDT—NHVE

VELÜCITT

IN

KM/SEC

POLHBIZHTIONS

/i o; fl

(R), and transverse (T) directions to the plane of the
phase—velocity variations.
b Phase and group velocity in the plane 5° off
symmetry-plane: dashed line — phase velocity, as
dashed line in (a) above; and solid line — group
velocity showing cups.
Note: the solid line is the projection of the non-planar

OSI

'3 30 so 30
' o so so

RNGLE FROM RXIS HNGLE FROM HXISm U'

44

95 group—velocity on the plane of the phase—velocity
' variation



|00000051||

The physical effects of a point singularity on wave propagation
will depend on the behaviour of the group or wave velocity, rather
than the phase velocity. Since both the gradient and the velocity
are exchanged at a pinch, the group velocity will also be exchanged.
Pinches will have no effect on plane waves propagating in uniform
structures, but may have large effects on spherical wavefronts
and rays of shear waves through varying anisotropic structures.
As the direction of propagation of a ray sweeps through a pinch,
energy will tend to jump to the body wave which continues with
the same polarization, and there will be an increase or decrease
of velocity.

The exact effects of this phenomenon will very much depend
on the particular configuration of the pinch and the speed that
the ray sweeps the pinch. In some configurations, the behaviour
may be similar to that illustrated in Fig. 14b of Crampin (1978),
where the energy of a shear wave with one polarization is largely
transferred (by mode conversion), to the shear wave with the
orthogonal polarization, on propagating through a homogeneous
anisotropic medium. In other circumstances, the pulse shape of
shear waves will be broadened as continuous constructive and
destructive interference takes place. This type of behaviour at
pinches may lead to modification and attenuation of the primary
shear-wave pulse.

The rapid variation of the phase velocity near a pinch may
introduce cusps into the group-velocity surface (usually called the
wave surface). Figure 2b shows a section of the wave surface
for one of the phase-velocity variations in Fig. 2a. Strictly, the
group velocity associated with the planar phase-velocity variation
is not co-planar, but the deviations are usually small, as in this
case, and we show the projection on the phase-velocity plane.
In Fig. 2b there are cusps on the slower shear-wave sheet (qSI)
at the pinch and at the axis, and on the faster sheet (qS2) at
90° from the axis. The behaviour at cusps, caused both by overall
velocity variations and by variations at pinches, produces rapid
variations in the ray. The direction of a ray through a varying
structure depends on two phenomena. The behaviour of the phase
velocity is determined by applying Snell’s Law to the phase—veloci-
ty directions, and the relationship of the ray direction to the
phase direction is determined by the anisotropic structure of the
media. Since a cuspxis a place where there are rapid changes
in group-velocity direction for slower variations in phase-velocity,
a cusp can produce rapid changes in the direction of a ray.

It is interesting to note that Fig. 2b provides an example of
the sensitivity of cusps to the curvature of the phase-velocity sheets
(strictly, the curvature at inflexions in the phase-slowness sheets).
In order of increasing curvature, there is no cusp on the qS2
sheet at the axis (0°), a small cusp at 90°, and a distinct cusp' on the qSI sheet at 0°.

Kiss Singularities

A kiss singularity is a point where the two shear-wave slowness-
Surfaces touch tangentially, with any combination of convex or
concave curvature, but do not intersect. Three classes of kiss can
be distinguished:

(i) Figure 1b illustrates the simplest topological configuration of
a kiss: the place where the two slowness-sheets of a hexagonal
medium touch in the direction of the symmetry axis (Paper 1).
The polarizations of the shear waves on these two slowness-sheets
are parallel and perpendicular, respectively, to planes through
the symmetry axis. The polarizations have cylindrical symmetry
about the symmetry axis.
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(ii) Kiss singularities may also occur in directions parallel to the
axis of intersection of several symmetry-planes, as in cubic and
tetragonal symmetry systems (Paper 1). Figure 2a shows the be-
haviour at this class of kiss, where the shear waves meet the
axis. The polarizations do not have cylindrical symmetry, but
do have reflection symmetry in the axis.

(iii) Kiss singularities may also occur in non-symmetry directions
in symmetry planes, as at about 55° from the z-axis in y-cut
orthorhombic orthopyroxene (Fig. 6b, Paper 1). Note that kisses
of this class are not, in any sense, centres of symmetry.

Similarly to the behaviour of velocity variations near point
singularities, velocity variations in planes which pass near, but
not through, the first two types of kiss singularity (i and ii, above)
approach each other in abroad pinch. Near this pinch the polariza-
tions show rapid but temporary deviations. Figure 3 shows the
velocities and polarizations near a kiss singularity in the hexagonal
medium GKFFl (Paper 1). Both these types of kiss singularity
may cause disturbances to shear-wave propagation, as discussed
in the preceding section. The third type of kiss (iii) is believed
to cause no disturbance to wave propagation.

Intersection Singularities

Intersection singularities are the intersection of two shear-wave
slowness-surfaces in the usual sense of two surfaces intersecting.
Such singularities only occur in hexagonal symmetry-systems,
where the two sheets may intersect in a circle about the symmetry
axis. Figure 1c shows the topology of such an intersection. The
polarizations of the shear waves on the two sheets are parallel
and perpendicular to planes through the symmetry axis. There
are no disturbances to wave propagation.
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The two shear-wave slowness sheets, in anisotropic systems
with symmetry very close to hexagonal, may separate at the posi-
tion of the hexagonal intersection, and the two sheets pinch to-
gether in a nearly circular ring. The polarizations and velocity
gradients of the two shear-wave sheets are interchanged at the
ring pinch, and the phenomenon may cause disturbances to shear-
wave propagation.

Discussion

Shear-wave singularities are very common in anisotropic symme-
try-systems (Paper 1). Plane waves will not be disturbed by the
proximity of a singularity even when propagating directly at the
singularity. However, spherical wavefronts or rays of shear waves
may be considerably disturbed, when the direction of propagation
passes near to a point singularity or near to the first two classes
of kiss singularity. Depending on the particular wave-path geome-
try, the wave form may be modified and attenuated by mode
conversion, and constructive and destructive interference caused
by cusps in the group-velocity variations and by rapid changes
in the fixed polarizations.
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Temperature Derivatives of Compressional and Shear Wave Velocities in Crustal
and Mantle Rocks at 6 kbar Confining Pressure
H. Kern and A. Richter

Mineralogisch-Petrographisches Institut der Universität Kiel, Olshausenstr. 40—60, D-2300 Kiel, Federal Republic of Germany

Abstract. Measurements of compressional and shear wave veloci-
ties, Vp and VS, were made in a cubic anvil apparatus up to
700° C at 6 kbar in igneous and metamorphic rocks typical of
the crust and mantle. Samples range in composition from acidic
to ultramafic, with bulk density of 2.67—3.46 g/cm3 at 6 kbar.
Mean atomic weights of the rocks vary between 20.37 and 23.03.
A rough dependence of wave velocity on bulk density is apparent.
However, there is considerable scatter, and the velocities do not
generally follow lines of constant mean atomic weight. Both VP
and VS increase with increasing amphibole, garnet, pyroxene and
olivine content. High quartz content produces relatively low P-
wave and high S—wave velocities, giving significantly low Poisson’s
ratios. In contrast, a high feldspar content is related to relatively
high P—wave and low S-wave velocities and consequent high Po-
isson’s ratios. The calculated temperature derivatives of VP and
VS for the range 20—500° C at 6 kbar confining pressure, using
best-fit solutions, cover the range — 1.60 to —4.94 >< 10 _4 km/s° C
and —— 1.39 to — 3.93 >< 10 '4 km/s° C, respectively. The results com-
pare fairly well with the few data published so far. For the dunite
and peridotite rocks the (dVP/d—values are in excellent agree-
ment with published Voigt-Reuss-Hill values calculated from
single crystal data.

Using the experimental results, P—velocity profiles were calcu-
lated along a geotherm of a cold Precambrian shield crust and
a warm continental crust. The temperature gradients for the latter
cause velocity inversion in numerous rocks, rich in olivine or
quartz.

Key words: High-temperature wave-velocities — Rock-sample
wave-velocities — Velocity anisotropy.

Introduction

In recent years rapid progress has been made in the experimental
determination of temperature derivatives of elastic wave velocities
for natural rocks at pressures between 1 and 10 kbar and tempera-
tures up to 750° C (Fielitz 1971 ; Kern and Fakhimi 1975; Stewart
and Peselnick 1977, 1978; Ramananatoandro and Manghnani
1978; Christensen 1979; Kern 1978, 1979; Kern and Richter 1979).
However, compared with the wealth of data about the pressure
dependence of ultrasonic waves in rocks (Birch 1960, 1961; Sim-
mons 1964; Christensen 1965, 1966, 1974), the literature about
the influence of temperature at high confining pressure is scarce.
There is a need for further investigations of the temperature depen-
dence of compressional and shear wave velocities in crustal and

mantle rocks. Elastic wave propagation through dry natural crys-
talline rocks are known to be sensitive to the state of microcracking
of the material, in addition to its mineralogical composition.
Therefore, only those measurements obtained at high confining
pressure are valid for study of the influence of temperature.

We report here measurements compressional and shear wave
velocities and the elastic constants of magmatic and metamorphic
rocks typical of the crust and mantle. The metamorphic rocks
chosen are representative of amphibolite and granulite facies con-
ditions. The measurements were carried out at up to 700° C under
a hydrostatic pressure of 6 kbar. Special attention is drawn to
the relationship between mean velocities and the major mineral
composition of the rocks.

Rock Samples

Fifteen samples which show a wide range of mineralogical and
chemical composition (acidic to ultramafic) were selected for this
study. Most of the metamorphic rocks were recovered from the
metamorphic basement of Norwegian and Finnish Lappland. Sam-
ple number and locality, along with modal analyses are given
in Table 1, where the samples are arranged in order of increasing
density. Bulk densities were calculated using the weights and di-
mensions of the sample cubes. Chemical analyses of major oxides
and the resultant mean atomic weights are presented in Table 2.

Experimental Technique

The seismic velocities have been measured by the ultrasonic trans-
mission method in a cubic anvil apparatus designed for velocity
measurements at high temperature T and high pressure p. Com-
pressional and shear waves were generated by means of 2 MHz
barium titanate transducers. Particulars of the device can be found
in Kern and Fakhimi (1975).

A state of near hydrostatic stress is arrived at by advancing
six pyramidal pistons in three mutually orthogonal directions onto
cube shaped specimens. One end of each piston next to the speci-
men is surrounded by a furnace and heat is transmitted from
the pistons to the specimens. Thus, a very homogenous tempera-
ture distribution is obtained within the large-volumed specimens.
Temperature was measured using thermocouples placed in a cavity
at the end of each piston, very close (about 1 mm) to the specimen.
The temperature drop between the thermocouples and the center
of the specimens is not more than 5° C at 700° C. Transducers
are placed on the low temperature side of the pistons. The travel

0340-062X/81/0049/0047/$02.00
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Table 1. Modal analyses (Percentages by volume)

Sample, No, qu mi plg or hbl gar px ep 01 Others
locality (zo)

Quartzite, 1452
Lam, Bayr. Wald, Germany 80 15 — — — 1 — —— — 2 ctd

1 st

Bi-opx-plg-gneiss, 1400 15 3 66 — — — 13 — — 2 ore
Karasjok, Finnmark, Norway 1 ap

Plg-amph-gneiss, 268 33 — 40 —- 24 1 — — — 1 ore
Karasjokka, Finnmark, Norway 1 mi, cpx

Norite, 84 l l 57 — 8 — 28 — — 5 sauss.
Radautal, Harz, Germany

Px-plag-gar-gneiss, 1398 33 — 40 — 3 16 5 — — 2 ore
Karasjokka, Finnmark, Norway

Amphibolite, 1387 — 3 43 — 45 — — — — 3 ore,
S.-Alta, Finnmark, Norway 5 tit

Amphibolite, 1396 3 — 24 — 72 1 — — —
Karasjok, Finnmark, Norway
Sill-gar-gneiss, 1403 24 — 6 25 — 27 — — — 14 sill,
Karasjok, Finnmark, Norway 1 rt

Plg-qu-amph-gneiss, 298 27 — 18 —- 48 — — 4 —— 2 ore
Karasjok, Finnmark, Norway 1 tit

Ep-amphibolite, 1454 — — 12 - 72 — — 10 — 4 ser,
Hoher Bogen, Bayr. Wald, Germany 2 tit

Dunite, 1675 — — — — — — 6 — 92 2 chl
Aarheim, Norway

Eclogite, ll 7 l — -— 6 35 44 — — 4 sympl.
Münchberg, Fichtelgebirge, Germany 2 rt

Ecoligte, 886c 2 — — — 4 29 45 (10) — 9 sympl
Saualpe, Austria 1 rt

Peridotite 475 — — — — — — 15 — 80 3 serp
Finero/Ivrea, Italy 2 ore

Abbreviations : ap = apatite, bi = biotite, chl = chlorite, ctd -—- chloritoid, ep = epidote, gar = garnet, hbl = hornblende, mi 2 mica, ol = olivine, or = orthoc-
lase, plg = plagioclase, px = pyroxene, qu = quartz, rt = rutile, sauss = saussurite, ser = sericite, serp = serpentinite, sill = sillimanite, st = staurolite,
sympl = symplecitite, tit = titanite, zo = zoisite

Table 2. Major oxide analyses (wt.%) and mean atomic weights (n’a). Analyst: P.K. Hörmann

1452 1400 268 84 1398 1387 1396 1403 298 1454 1675 11 886

SiOz 89.46 63.01 66.91 50.40 64.82 51.87 47.40 56.30 49.73 47.60 41.14 50.24 48.54
A1203 6.36 16.70 14.55 18.14 14.89 13.80 13.71 23.95 14.83 14.84 2.20 13.60 15.05
TiOz 0.12 0.67 0.35 0.24 0.47 1.84 1.13 0.92 1.23 0.97 0.004 2.04 1.12
F6203 0.92 1.87 2.32 0.56 1.84 6.19 3.00 1.13 5.31 3.70 1.10 4.72 2.65
FeO 1.21 3.37 3.96 4.64 6.18 7.17 9.43 8.55 8.45 6.07 5.34 9.05 5.82
MnO 0.026 0.079 0.120 0.129 0.182 0.139 0.201 0.088 0.237 0.021 0.088 0.249 0.145
MgO 0.08 3.15 1.93 8.69 1.95 4.19 9.35 3.90 4.78 7.83 48.03 6.46 8.82
CaO 0.02 5.34 6.12 13.06 7.06 7.45 11.10 0.72 10.77 13.82 0.09 9.67 13.67
NazO 0.03 3.35 3.15 1.77 2.11 4.84 2.71 0.90 2.66 2.69 0.06 3.11 3.04
K20 0.93 1.85 0.63 0.17 0.25 1.00 0.46 2.65 0.43 0.23 0.02 0.13 0.03
P205 0.051 0.242 0.089 0.010 0.172 0.126 0.123 0.048 0.084 0.081 0.002 0.249 0.072
H20+ 0.80 0.57 0.19 1.20 0.42 0.96 1.68 0.47 1.16 1.97 0.89 0.74 0.49
H20_ 0.07 0.14 0.08 0.39 0.10 0.06 0.08 0.13 0.08 0.15 0.11 0.11 0.07
C02 0.04 0.16 0.02 0.09 0.04 0.05 0.28 0.16 0.10 0.06 0.07 0.05 0.01

= 100.12 100.50 100.42 99.49 100.48 99.69 100.65 99.92 99.85 100.03 99.14 100.42 99.53
= 20.37 21.55 21.65 21.67 21.97 22.63 22.88 21.94 22.90 20.26 20.78 23.03 22.37



PERID.L75
ECLUG.BBB

EDD _
DUNITE 1575

semen
7.50-

ZEU-

TLC!-

.— IZÜ— f
U‘1’ -..—- asses
U'l 'FÜÜ - i

_;—.—;—...F
I

”PH-296
K 'Ë'I—I Alun-11395
E . - - I

_____‚ -=. - ' ’ Manne er.
en aso— _-J,.
H

’l- _ . . . ANPHJEB?
' t ' i . snares see

.1 5.50 ' . _ „ . . . I

3’ - . . ‘ _ . . emisszse_
- I ' ' smsxssuoo

3H -_ . '
4..- ELÜ— - ‚.-

ä—' 5.20
I‘JJ'

:3- ‚ _ 072.1452
6130 .__.....-——*~'

' GRANITE srs

53D

560 -

5.1.Ü

l I I . j l i I I 1 l I |l 2 3 s S s 7
Cl Pressure[kb]

5.00-

1.80- PERID. us
- „Etwa. see

(mm: isrs
._' MÜ-
f1?“

ECLÜGI n

U
-

m
un 1.1.0

“s.
E
x 1.20 we see
_. W_————— GhEISS mes

. '_'—
_J GŒISS use

' _.. .—- I— '— APIFH, M54:3” 4.00 ___._____.„_; __ DT2.1:.52sees.
3h. .-

'
AHPH. use"" 330 - _ ____ scene at.-- . - - flowerss mon

U
O .

m 360 '

3»

3.1.0
'

320 '_

l . I . I . | n J_ 1 1 1. l

1 2 3 t. 5 6 ?

b
Pressure [kbl

Fig. la and b. Velocities of (a) compressional waves and (b) shear wave as a function of pressure at room temperature. VP is the mean of
the velocities measured in the three orthogonal directions (x,y,z) of the sample cubes, V5 is the velocity in the x direction

time of the pulses through the specimens is obtained by subtracting
the calibrated time needed for the pulse to travel to and from
the specimen through the pistons from the total time measured
by the transducers.

The experiments were carried out on rock cubes (43 mm on
edge) cut from larger blocks, free of macroscopic fractures and
secondary alteration. Edges of the sample cubes were parallel
to visible macroscopic fabric directions (foliation, banding). The
compressional wave velocity was measured simultaneously in the
three orthogonal directions (2:, y, z) of the cubes to obtain informa-
tion on the directional dependence of the wave velocities. In one
direction (x) the velocities of compressional and shear waves were
measured at the same time. In general the x direction was normal
to foliation or banding. The travel time was determined with
a digital counter by comparing the output and input impulses
on a dual-trace oscilloscope. The precision of timing measurements
is i5 ns, and the timing accuracy is believed to better than i
0.5%.

Wave velocities were measured at about 0.5 kbar intervals dur—
ing the pressure increase to 6 kbar. Maintaining the hydrostatic
pressure of 6 kbar, the temperature was increased in steps of
about SÜ°—80° C over 30-min periods. To ensure that the samples
had reached pressure and temperature equilibrium, successive
readings were taken at time intervals of at least 40 min.

Results and Discussion

All the measurements described above were obtained from runs
on fresh cubes of rocks. In general, the data presented were ob-
tained from specimens compressed and heated for the first time.
To check reversibility, velocities for two specimens were measured
during heating as well as during cooling. A correction for the
change of length of the specimens with pressure and temperature,
was applied to the calculation of velocity.

The pressure and temperature dependence of wave velocities
and the respective. dynamic elastic parameters of polycrystalline
rocks depend on two factors: (l) the pressure and temperature
sensitivity of the elastic parameters of the constituent minerals
and (2) on the state of microfracturing of the material.

Relations Between Velocity, Density, Chemistry,
and Mineralogy at Room Temperature

The pressure dependence of VP and VS at room temperature is
shown in Fig. l. The velocity curves were obtained from measure-
ments made while raising pressure to the 6 kbar confining pressure
being applied for the velocity measurements at high temperatures.
The general velocity increase with pressure may be attributed to
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compaction of pore space. in particular the closing of micro-
cracks. Above about 2 kbar the velocity-pressure relations tend
to become linear, indicating the intrinsic effect of pressure on
wave velocities.

In Fig. 2 mean values of Vp are plotted against density. The
numbers attached to the symbols represent mean atomic weights
(Table l). Also shown are the mean atomic weight lines. m=21
and m=22. as determined for compressional wave velocities by
Birch (1961). The mean atomic weights of the rocks investigated
vary between 20.37 (acidic) and 23.03 (mafic). As already shown
by Birch (1961). differences in mean atomic weights of rocks are
primarily related to iron and titanium content — the higher their
content. the higher is the mean atomic weight (see also Table l).

A rough dependence of wave velocities on bulk density is
apparent. However. there is considerable scatter and the velocities
in general do not follow lines of constant mean atomic weight.
This partially irregular behavior can be explained by the mineral-
ogical complexities. In Fig. 3 comparison is made between the
percentages of major minerals and the compressional and shear
wave velocities at 6 kbar confining pressure. From this it is evident
that velocities are closely related to the percentages of major miner-
als in rocks and the respective single crystal velocities. In general.
high contents of olivine. garnet. pyroxene and amphibole produce
high compressional and shear wave velocities. Increasing quartz
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content (samples No. 1398. 268 1452) results in a decrease of
VP and an accompanying increase in V3, thereby significantly
lowering Poission‘s ratio (Table 4). Compared to most major rock-
forming silicates. quartz has an extremely low Poisson’s ratio
(Christensen and Fountain 1975; Kern 1979). On the other hand,
high feldspar contents produce relatively low shear velocities and
high Poisson’s ratio (samples No. 84 and 1400).

Velocity-Temperature Relations
at 6 kbar Confining Pressure

At a given pressure differential thermal expansion of the constitu-
ent minerals of rocks may cause grain boundary cracks to widen
and new cracks to open. However, the microfracturing induced
by the rapid thermal change of volume of the mineral phases
will be more and more suppressed with increasing confining pres-
sure and microfracturing should have little effect at pressures of
a few kilobars. As was shown earlier (Kern 1978), the minimum
pressure needed to prevent damage seems to be about lkbar
per 100° C. The arguments borne out by that paper are substantiat-
ed by the observations on two cycled samples of granite and
periodotite (Fig. 4). At 2 kbar confining pressure non-linear slope
and significant hysteresis is observed on the velocity-temperature
curves, indicating microfracturing. At 6 kbar confining pressure,
however, the slope is near linear and reversibility is obtained on
both plots. Thus, the values obtained under these conditions are
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considered to be the most nearly correct intrinsic properties of
the compact aggregates. Therefore, in order to determine the tem-
perature derivatives of velocities, the measurements of VP and
VS were carried out under confining pressure conditions of 6 kbar.

VP and VS as a function of temperature at 6 kbar are presented
in Fig. Sa—b. The data show that the decrease of P—and S- wave
velocities is almost linear as temperature is increased from room
value up to about 500° C. However, there is a significant decrease
in the slope beyond this temperature. and the velocity—temperature
curves become highly non-linear. indicating the onset of thermal
Cracking.

It should be noted, that a velocity minimum due to the high-low
quartz transition (compare Fig. 4) is not observed on the velocity
curves of the quartz-bearing rocks at 6 kbar. The pressure depen-
dence and the shift of the 05—0 quartz transition temperature in
polycrystalline aggregates (Kern 19718., 19’119) places the transition
temperature outside the temperature range investigated.

The best-fit solutions of the velocity-pressure and velocity-
temperature data using the equations

VP(p1T)= VPQ+(dVP/dp)T'p+(dVP/dnp' T
and
V5091”: VSo+(dVS/dp)T'P+(dVS/dnp' T

are given in Table 3.
The pressure derivatives refer to 2—6 kbar at room temperature

and the temperature derivatives to 20° C—500° C at 6 kbar confin-
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Fig. 5a and b. Velocities of (a) compressional waves and (b) shear waves for the different rock types as a function of temperature at 6 kbar
confining pressure. VP is the mean of the velocities measured in three orthogonal directions of the sample cubes. V5 is the velocity in one
direction
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Table 3. Pressure and temperature 2

derivatives of P- and S—waves lslockltype/ VPO d/a’p X
102 —dVP/d

194
velocities of various rocks amp e NO' :50 _ 1 dVS/dp :10 _ 1

_
VS/d7::<010_1

VP is the mean of the velocites ( m x S ) (km x S kbar ) (km X S C )
measured in the three orthogonal ‚
directions of the sample cubes, Quart21te VP 5.905 1 0.004 2.94 : 0.1 4.01 : 0.3
Vs is the velocity in one 1452 VS 3.910 : 0.004 1.46 : 0.08 2.85 : 0.3
direction . Bio-cpx-plg-gneiss VP 6. 360 : 0.006 2.42 : 0.1 4.78 : 0.3
The reference state V= Vo 15 1400 VS 3.727 : 0.003 0.84 : 0.08 2.85 : 0.2
0 kbar and 0° C .Cpx-plg-gar-gneiss VP 6.420 : 0.007 3.67 : 0.2 2.46 : 0.2

1398 VS 3964:0004 1.601009 1.70102
Amph-plg-gar-gneiss VP 6.339:0.01 3.56:0.3 2.51102
268 VS 388410006 1.49101 2.01102
Sill-gar-gneiss VP 6.871 10.01 3.03 :02 3.61 :03
1403 VS 4.09110003 1.011007 2.22 :0.2
Amphibolite VP 6.5161001 3.63103 2.37102
1387 Vs 3885:0006 1.68101 2.08102
Amphibolite VP 6.6101002 6.591050 0.72102
1936 VS 374610.01 2.79102 1.39102
Ep-amphibolite VP 6.90510005 2.80101 2.99 10.2
1454 VS 396510003 l.27:0,06 2.65 10.2
Amphibolite VP 6857:0005 2.28 :01 2.02102
298 VS 4.10910003 09210.06 1.81102
Eclogite VP 7.6411001 4.17102 1.60102
11 Vs 4.53510006 1.73101 2.11103
Eclogite VP 7.7401001 4.75103 1.86101
886c VS 4.54810006 2.09101 2.48102
Norite VP 6.77010005 2.58101 1.73 10.2
84 Vs 3803:0003 0.94:0.07 1.49101
Dunite VP 7.77210004 3.73101 4.12101
1675 VS 4.56610004 1.591009 3.54102
Granite VP 5.8181001 4.37103 2.69101
876 VS 349610008 1.79101 2.08101
Peridotite VP 7.949 : 0.007 2.36 : 0.2 4.94 : 0.2
475 VS 4.721 :0002 0.9461007 3.93103

ing pressure. The computed coefficients cover the range 2.28—
6.59 >< 10_ 2 km/s kbar for compressional wave velocities and 0.84—
2.79 >< 10‘2 km/s kbar for shear wave velocities. The temperature
derivatives range from — 1.6 to —4.94 x 10 ‘4 km/s °C for compres-
sional wave velocities and from — 1.39 to —3.93 >< 10_4 km/s °C
for shear wave velocities. The resulting temperature coefficients
of VP and VS are in general largest in quartz-bearing and olivine-
bearing rocks.

Because experimental work on temperature derivatives for
crustal and mantle rocks under conditions of high confining pres-
sure is still scarce, only limited camparisons can be made with
published data. Comprehensive temperature data for VP for a
wide variety of igneous and metamorphic rocks (Christensen 1979)
came to the attention of these authors as this manuscript was
being submitted. Christensen estimated temperature coefficients
at 2 kbar confining pressure up to 500° C. Because of the relatively
low confining pressure, the velocity is an approximately linear
function below 300° C only, thus indicating intrinsic behavior only
within this temperature range. The T derivatives of VP at higher
temperatures are believed to be influenced by grain boundary
openings. In general, Christensen’s values are a little larger than
our own for rocks of comparable composition.

For dunite we obtained a (d/P/d—value of —4.12 >< 10 _4
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km/s °C. Christensen estimated —5.6 >< 10 “4 km/s °C, while Ra-
mananantoandro and Manghnani (1978) measured a mean of
—6.1 >< 10‘4 km/s °C for an anisotropic dunite at 10 kbar, for the
range 25°—500° C. Peselnick and Nicolas (1978) measured T deriva—
tives of VP in a harzburgite and Iherzolite rock for the range
20°—250° C at 8 kbar confining pressure. The results for the two
rocks are approximately the same (—6 >< 10‘4 to —7 >< 10’4 km/
8 °C) and are again a little larger than our value for a peridotite
rock (——4.94 ><10'4 km/s °C).

Our experimental data for dunite and peridotite (80% olivine
by volume), however, compare fairly well with T derivatives of
VP calculated from single crystal data using the Voigt-Reuss-Hill
assumption. Kumazawa and Anderson (1969) calculated —4.95 ><
10‘4 km/s °C for an isotropic aggregate of olivine and Ramanan-
antoandro and Manghnani (1978) calculated —-4.4x 10‘4 to —
4.6 >< 10_4 km/s °C for three anisotropic dunite cores.

For eclogites we measured significantly smaller temperature
coefficients of Vp(—1.6X 10 "4 to ——1.86>< 10 "4 km/s °C) than
Christensen (— 5.3- 10‘4 km/s °C). Better agreement was obtained
in quartz-bearing rocks. For granite, granulitegneiss and quartzite
we obtained temperature derivatives of VP between —2.69 >< 10”4
and —4.1 >< 10’4 km/s °C. Christensen obtained temperature coef-
ficients ranging from —3.9 x 10—4 to —5.4 >< 10’4 km/s °C for the
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Table 4. Vpx, s and elastic constants for selected temperatures at 6 kbar (for explanation of symbols see text)

Roektype T p Vpx s Vpx/s a ¢ K G E ‚1
Sample No. (°C) (g/cm3) (km/s) (km/s) (kmz/sz) (Mbar) (Mbar’ 1) (Mbar) (Mbar) (Mbar)

Granite 20 2.701 5.9898 3.397 1.763 0.262 20.48 0.553 1.807 0.311 0.787 0.345
876 160 2.695 5.955 3.383 1.760 0.261 20.20 0.544 1.836 0.308 0.778 0.338
A 22.0% 315 2.693 5.911 3.346 1.766 0.264 20.01 0.538 1.855 0.301 0.762 0.337

490 2.690 5.872 3.304 1.777 0.268 19.92 0.535 1.865 0.293 0.744 0.340
710 2.667 5.648 3.201 1.764 0.263 18.23 0.486 2.055 0.273 0.690 0.304

Quartzite 20 2.735 5.883b 3.800 1.548 0.142 15.35 0.419 2.380 0.394 0.902 0.156
1452 170 2.733 5.849 3.796 1.540 0.136 14.99 0.409 2.439 0.393 0.894 0.147
A =6.0% 340 2.726 5.763 3.723 1.547 0.141 14.73 0.401 2.490 0.377 0.862 0.149

500 2.711 5.680 3.674 1.545 0.140 14.26 0.386 2.585 0.365 0.834 0.142
710 2.680 5.337 3.520 1.516 0.115 11.96 0.320 3.119 0.332 0.740 0.099

Gneiss 20 2.816 6.578c 3.574 1.840 0.290 26.23 0.738 1.353 0.359 0.928 0.499
1400 170 2.817 6.532 3.556 1.836 0.289 25.80 0.726 1.375 0.356 0.918 0.489
A =2.4°/o 360 2.815 6.442 3.489 1.846 0.292 25.26 0.711 1.405 0.342 0.885 0.482

515 2.810 6.340 3.436 1.845 0.292 24.45 0.687 1.455 0.331 0.857 0.465
710 2.801 6.103 3.362 1.815 0.282 22.17 0.621 1.609 0.316 0.811 0.410

Amphi'bole 20 2.857 6.499a 3.769 1.724 0.246 23.29 0.665 1.502 0.405 1.011 0.395
Gneiss 170 2.860 6.481 3.769 1.719 0.244 23.06 0.659 1.516 0.406 1.011 0.388
268 335 2.860 6.423 3.726 1.723 0.246 22.74 0.650 1.537 0.397 0.989 0.385
A == 1.5% 505 2.854 6.371 3.679 1.731 0.249 22.54 0.643 1.554 0.386 0.965 0.385

710 2.832 6.136 3.572 1.717 0.243 20.63 0.584 1.710 0.361 0.898 0.343

Norite 20 2.930 6.976c 3.658 1.907 0.310 30.82 0.903 1.107 0.392 1.027 0.641
84 170 2.934 6.958 3.648 1.907 0.310 30.66 0.899 1.111 0.390 1.023 0.639
A: 1.6% 360 2.935 6.926 3.611 1.918 0.313 30.58 0.897 1.114 0.382 1.005 0.642

520 2.929 6.870 3.580 1.918 0.313 30.10 0.881 1.133 0.375 0.986 0.631
700 2.918 6.678 3.454 1.933 0.317 28.68 0.837 1.194 0.348 0.917 0.605

Gneiss 20 2.976 6644‘“ 3.858 1.722 0.245 24.29 0.723 1.382 0.442 1.103 0.427
1398 180 2.980 6.625 3.856 1.718 0.243 24.06 0.717 1.394 0.443 1.102 0.421
A =0.8°/o 350 2.978 6.571 3.810 1.724 0.246 23.82 0.709 1.409 0.432 1.077 0.421

520 2.967 6.520 3.777 1.726 0.247 23.48 0.696 1.434 0.423 1.056 0.414
710 2.946 6.256 3.649 1.714 0.242 21.38 0.629 1.587 0.392 0.974 0.368

Amphibolite 20 2.999 7.041 c 3.778 1.863 0.297 30.54 0.916 1.091 0.428 1.111 0.630
1387 175 2.999 7.0263 3.761 1.868 0.299 30.50 0.914 1.093 0.424 1.102 0.632
A=8.0°/o 360 3.001 6.991 3.724 1.877 0.301 30.38 0.911 1.096 0.416 1.083 0.634

515 2.995 6.935 3.673 1.888 0.305 30.10 0.901 1.109 0.404 1.054 0.632
710 2.976 6.809 3.586 1.898 0.308 29.21 0.869 1.150 0.382 1.001 0.614

Amphibolite 20 3.106 6.471 a 3,711 1.743 0.254 23.51 0.730 1.369 0.427 1.073 0.445
1396 170 3.111 6.455 3.709 1.740 0.253 23.32 0.725 1.378 0.427 1.072 0.440
A=11.0°/o 335 3.114 6.406 3.666 1.747 0.256 23.11 0.719 1.389 0.418 1.051 0.440

510 3.109 6.355 3.646 1.743 0.254 22.66 0.704 1.419 0.413 1.037 0.429
710 3.087 6.270 3.580 1.751 0.258 22.22 0.686 1.457 0.395 0.995 0.422

GneiSS 20 3.107 7.155° 3.949 1.811 0.280 30.40 0.944 1.058 0.484 1.241 0.621
1403 175 3.108 7.121 3.938 1.808 0.279 30.03 0.933 1.071 0.481 1.233 0.612
A =3.3°/o 340 3.106 7.054 3.888 1.814 0.281 29.60 0.919 1.087 0.469 1.203 0.606

505 3.099 6.957 3.844 1.809 0.280 28.69 0.889 1.124 0.457 1.172 0.584
710 3.081 6.741 3.798 1.774 0.267 26.20 0.807 1.238 0.444 1.126 0.511

Amphibolite 20 3.107 7.077b 3.961 1.786 0.271 29.16 0.906 1.103 0.487 1.240 0.581
298 170 3.109 7.065 3.958 1.784 0.271 29.02 0.902 1.108 0.487 1.238 0.577
A=4.8°/o 330 3.107 7.019 3.910 1.795 0.275 28.88 0.897 1.114 0.475 1.211 0.580

490 3.102 6.970 3.882 1.795 0.275 28.48 0.883 1.131 0.467 1.192 0.572
710 3.082 6.793 3.777 1.798 0.276 27.12 0.835 1.196 0.439 1.122 0.542

Amphibolite 20 3.109 6.885a 3.842 1.792 0.273 27.72 0.861 1.160 0.458 1.169 0.555
1454 170 3.107 6.853 3.822 1.793 0.274 27.48 0.854 1.170 0.453 1.156 0.551
A 26.0% 335 3.109 6.781 3.759 1.803 0.278 27.14 0.843 1.185 0.439 1.123 0.550

490 3.102 6.712 3.718 1.805 0.278 26.61 0.825 1.211 0.428 1.096 0.539
710 3.084 6.515 3.614 1.802 0.277 25.03 0.771 1.295 0.402 1.029 0.503

Dunite 20 3.278 8.227c 4.462 1.843 0.291 41.13 1.348 0.741 0.652 1.685 0.913
1675 180 3.280 8.163 4.408 1.851 0.294 40.72 1.335 0.748 0.637 1.649 0.910
A =4.8°/o 355 3.271 8.072 4.337 1.861 0.297 40.07 1.310 0.762 0.615 1.596 0.900

510 3.261 8.022 4.292 1.869 0.299 39.79 1.297 0.770 0.600 1.561 0.897
710 3.271 7.925 4.291 1.846 0.292 38.25 1.251 0.799 0.602 1.557 0.849

Continuation on p. 54
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Table 4 (continued)

ROtp T p VPx VSx VPx/s O- (p K ß G E Â

Sample No. (°C) (g/cm3) (km/s) (km/s) (k/sz) (Mbar) (Mbar‘ 1) (Mbar) (Mbar) (Mbar)

Eclogite 20 3.495 7.886b 4.438 1.776 0.268 35.92 1.255 0.796 0.688 1.746 0.796
11 175 3.499 7.880 4.436 1.776 0.268 35.85 1.254 0.797 0.688 1.746 0.795
A 20.3% 340 3.496 7.822 4.372 1.789 0.272 35.69 1.247 0.801 0.668 1.701 0.802

515 3.488 7.783 4.346 1.790 0.273 35.39 1.234 0.810 0.658 1.677 0.795
710 3.463 7.622 4.242 1.796 0.275 34.10 1.180 0.846 0.623 1.589 0.765

Ecologite 20 3.442 7.975c 4.470 1.784 0.270 36.95 1.272 0.786 0.687 1.748 0.813
886 170 3.443 7.954 4.457 1.784 0.271 36.77 1.266 0.789 0.683 1.738 0.810
A 20.8% 320 3.437 7.893 4.395 1.795 0.275 36.54 1.256 0.796 0.663 1.693 0.813

485 3.435 7.863 4.365 1.801 0.277 36.42 1.251 0.799 0.654 1.671 0.814
710 3.409 7.730 4.256 1.816 0.282 35.60 1.213 0.823 0.617 1.583 0.801

Peridotite 20 3.290 8.010b 4.575 1.750 0.257 36.25 1.192 0.838 0.688 1.732 0.733
475 180 3.288 7.955 4.543 1.751 0.258 35.76 1.175 0.850 0.678 1.707 0.723
A 24.7% 350 3.282 7.842 4.448 1.763 0.262 35.11 1.152 0.867 0.649 1.640 0.719

510 3.272 7.733 4.404 1.755 0.259 33.93 1.110 0.900 0.634 1.599 0.687
715 3.259 7.474 4.280 1.746 0.256 31.43 1.024 0.976 0.596 1.499 0.626

VPx and s are velocities in the x direction of the sample coordinates
3 Lowest velocity in the anisotropic aggregates
b Intermediate
° Highest

same rocks. Our results for quartz-bearing granite and gneiss rocks
are almost within the range of values reported by Spencer and
Nur (1976) for Westerly granite (—l><10_4 to —5><10_4km/
s 0C) heated to 400° C at 5 kbar confining pressure.

To our knowledge, temperature coefficients of VS have not yet
been published, so that no comparison is possible.

In general, the temperature derivatives of VS are smaller than
those of VP except for eclogites and amphibolites (Table 3). In
both eclogite samples VS decreases significantly more than VP
with increasing temperature. In amphibolites the temperature coef-
ficients of VS equal, more or less, those of VP or are a little
larger.

Velocity Anisotropy

Significant velocity anisotropies

Vmax— VmA 2 i“ >< 100%
max

were measured in peridotite, dunite, amphibolite and quartzite
rocks. The directional dependence of elastic wave velocities is
at least a result of both (1) preferred lattice orientation of minerals
and (2) microcracks which are preferrently orientated parallel to
grain boundaries. As was shown by Kern (1978) the part of the
velocity anisotropy that may be attributed to oriented cracks is
eliminated at higher confining pressure. Therefore, the velocity
anisotropies for 6 kbar confining pressure listed in Table 4 must
be due to preferred lattice orientation of constituent minerals.
Petrofabric analyses with the X-ray goniometer (amphibolite)
and the universal stage (dunite, peridotite, quarzite) show
significant preferred lattice orientation of dominant minerals
(i.e., hornblende, olivine, quartz, mica) in these rocks, and this
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In this run the x direction of the sample coordinates is parallel to the foliation

part of the elastic anisotropy is unavvected by temperature
even at 700°C.

Dynamic Elastic Parameters at High Pressure
and Temperature

Compressional and shear wave velocities measured simultaneously
in one sample direction at 6 kbar confining pressure are given
in Table 4 for various temperatures, together with the values of
the compressional to shear velocity ratio (Vp/ VS), Poisson’s ratio
(a), the seismic parameter (4)), the bulk moduls (K), the compressi-
bility (ß), the shear moduls (G), Young’s modulus (E), and the
Lamé’s constant (Â) as calculated from measured densities and
velocities. The dynamic elastic parameters for significantly an-
isotropic samples must be treated with caution because the elastic
constants were calculated by use of the formulas proposed by
Birch (1960) for isotropic bodies.

In general, the values of K, G, E, and d) at high confining
pressure show a decrease with temperature. It should be noted
that in quartz-bearing rocks the bulk moduls decreases much more
than the shear moduls.

Application to Geology and Geophysics

The quasi-linearity of the velocity-pressure relations between 2
and 6 kbar at room temperature and of the velocity-temperature
relations at 6 kbar in the range 20°—500° C for the rocks investigat-
ed (Fig. 5) suggest that calculated pressure and temperature deriva-
tives approach those of pore-free aggregates. It should be noted,
however, that our measurements were carried out on dry samples
and it is well established that pore fluids may affect compressional
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Fig. 6a and b. Compressional wave velocities for different rock types under pressure and temperature conditions of a a cold Precambrian shield
and b a warm continental crust geotherm. The assumed geotherms (after Theilen and Meissner, 1979) are shown by the bottom curve

wave velocities (Nur and Simmons 1969; Spencer and Nur 1976).
Crustal and mantle igneous and high-grade metamorphic rocks,
however, are in general water-depleted. Therefore, at deeper crus-
tal levels, pore fluid pressure may be very small and the effective
pressure nearly identical to the lithostatic pressure.

On the basis of this assumption we used our experimentally
determined pressure and temperature derivatives of the mean val-
ues of VP to calculate velocity-depth profiles. In Fig. 6 we have
plotted P-velocities of different rocks for a cold Precambrian shield
crust (a) and for a warm continental crust (b). The computation
is based on geotherms (bottom curve) reported by Theilen and
Meissner (1979).

Along the geotherm of a Precambrian shield crust (a) the veloc-
ity function increases with depth for all rocks investigated (except
for the peridotite rock), but the rate of velocity increase may be
different from rock type to rock type. The temperature gradients
valid for a warm continental crust (b), however, cause a velocity
inversion in numerous rocks. As is evident from Fig. 6b the veloci-
ty-depth relations show small negative velocity gradients for oliv-
ine-bearing rocks and less significantly for quartz-bearing rocks
(gneiss, quartzite), due to the temperature sensitivity of wave veloc-
ity in olivine and quartz single crystals.

This observation is compatible with results from deep seismic
sounding, which indicate that large velocity reversals are not found
in the crust of the Russian shield (Meissner 1976) but are quite
abundant in young orogenic areas like the Alps (Giese 1968, 1970).
On the other hand, large parts of mesozoic continental crust with

average geotherms seem to have a rather constant velocity over
many kilometers in the middle crust.

The pronounced velocity anisotropy in the amphibolite and
peridotite rocks measured at high confining pressure and high
temperatures, i.e., at conditions of great depth, may account for
significant velocity anisotropy reported from deep seismic sound-
ing. Bamford (1977) and Fuchs (1979) measured velocity an-
isotropy of 7—8 0/o in the continental subcrustal litosphere. Seismic
measurements reported by Hess (1964), Francis (1969), and Keen
and Barett (1971) indicate anisotropy of the upper mantle under
the Pacific Ocean. Velocities averaging 8.3 km/s. perpendicular
to mid-ocean ridges contrast with velocities of about 8.0 km/s.
parallel to the ridges, corresponding to anisotropy values of about
3.6%. Raitt et a1. (1969) observed a large velocity anisotropy of
about 7% in the region between California and Hawaii. These
seismic anisotropies may be best explained by preferred latice
orientation of the constituent minerals in the mantle material (see
also Kern and Fakhimi 1975). As shown in this paper and by
Kern (1978), elastic anisotropy induced by preferred lattice orien-
tation is unaffected by high pressures and temperatures up to
700° C.
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Abstract. Several published mass configurations of mascon models
have been used to calculate and compare gravity models for Mare
Crisium. The calculations are based on line-of-sight (LOS) gravity
data from the Apollo missions. A new model consisting of mare
basalts, a crust-mantle mix, and a mantle plug is presented. Addi-
tionally, an isostatic model has been developed. A detailed regional
model from southern Imbrium over Mare Serenitatis to Mare
Crisium has been calculated, based upon the new model. Crustal
thickenings have been introduced in order to fit the gravity lows
bordering the mare basins.

A discussion of the stability of the mascons, presented in this
paper, leads to the following conclusions: (1) the average postmare
upper mantle viscosity must be greater or equal to 1027 poise;
(2) high temperature models seem to be inappropriate considering
this high viscosity and the mascon shear stresses of 65 bar at
a depth of 200 km. The second statement could be revised in
the light of investigations of a totally dry rheology.

Key words: Crustal gravity models — Lunar mascons — Lunar
upper mantle rheology.

Introduction

Since lunar line-of—sight (LOS) gravity data derived from space-
craft Doppler tracking signals have been available, several methods
of gravity modelling have been developed. Conventional geophysi-
cal computation of the vertical gravity component of a given
mass model is not possible (1) because of the line-of-sight nature
of the data and (2) because of the least squares procedure of
orbit determination which introduces an amplitude compression
of 25%—30%. The methods and problems of data acquisition and
reduction are described by Gottlieb (1970) and Sjogren et a1. (1976).

There are three methods for computing LOS gravity of given
mass configurations: (1) direct dynamic modelling of a gravity
anomaly with a complex orbit determination program (Michael
and Blackshear 1972), (2) dynamic estimation of the acceleration
vectors and a subsequent static gravity modelling of the vectors
(Bowin et al. 1975), and (3) a quasi-dynamic modelling with a
simplified orbit simulation program. Method 3 and a comparison
of all three methods are described by Phillips et al. (1978). Methods
1 and 2 require large computational times, while method 3. the
one used in this paper, is comparatively fast.

The first Doppler gravity profiles of the moon received revealed
large positive gravity anomalies associated with most circular mar-

ia (Muller and Sjogren 1968). These gravity maxima were ex-
plained by mass concentrations (mascons) soon after their discov-
ery. Several models have been developed to describe the mascon
anomalies. Most are based on mass excesses, but there are also
some mass configurations which are in isostatic equilibrium.

The purpose of this paper is
(l) to compare old models of mass surpluses with each other

and to develop a new model,
(2) to present an isostatic model,
(3) to develop a complete crustal model extending from the

Apennines area over Mare Serenitatis to Marc Crisium, based
on LOS gravity data from orbits of different heights.

Gravity Data and Boundary Conditions

The observational data for model fitting are low and high altitude
LOS gravity data from the Apollo 15 Command and Service Mo—
dules (CSM), revolutions 5 and 15. The spacecraft altitudes are
about 12—20 km for revolution 5 and 100—110 km for revolution
15. Gravity data for two different altitude levels permit a refined
model fitting of possible model configurations. The profile location
is shown in Fig. 1.

In addition to the LOS gravity data, there are several boundary
conditions which influence the model parameterization
— topography of the mare basins,
— mean crustal thickness,
— density-depth distribution,
— thickness of mare basalts,
— initial depth of the impact basins.
These conditions will now be discussed in detail.

The gravity effects of the mare basin topography have a large
influence on quantitative mass modelling. The basins of Serenitatis
and Crisium contribute — 89 mgal and — 140 mgal to the measured
gravity for revolution 5 in the central areas. This increases the
gravity anomaly which has to be fitted by 40%—70% (Fig. 2).
Several older published models ignore these topographic effects.

The mean altitude levels of the surroundings of the Serenitatis
and Crisium areas and of the basins themselves have been deter-
mined from modern Lunar Topographic Orthophotomaps (LTO,
Schimerman 1973). The values of the altitude levels are given
as distance from the center of mass of the moon:

surroundings: 1,736.0 km,
Crisium basin: 1,733.7 km,
Serenitatis basin: 1,734.35 km.
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The zero level of all elevation and depth scales in the figures
is related to a mean lunar radius of 1,738 km.

A mean crustal thickness of 60 km has been assumed for the
nearside of the moon. This value has been derived from seismic
investigations (Toksoz et al. 1974).

The mean density-depth distribution of the crust and upper
mantle is based upon petrologic models, seismic models, and rocks
returned to Earth (Cooper et al. 1974; Solomon 1974). Following
these investigations a density of 2.7 g/tm‘t3 has been assumed for
the upper crust with density increasing to 3.0 g/cm3 for the lower
crust. A value of 3.3 g/cm3 has been adopted for the mare basalts.
A decrease of the mean density to 2.4 g/cm3 has been assumed
for the uppermost layers to a depth of 3—4 km presumed due
to the loosening by impacts in agreement with measurements
of Talvvani et al. (1973) on returned samples. According to Solo—
mon (1974), the upper mantle density should be rather high and
is assumed here to be 3.5 g/cmi‘. A boundary condition for the
thickness of the mare basalts has been adopted from investigations
by De Hon and Waskom (1976). They found a maximum thickness
of 1—2 km in the shelf areas of the mare basins from rim height
estimations for impact craters partially buried by mare basalts.
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A further confirmation of this result is given by Andre et al.
(1979) from orbital X-ray data. According to Hör: (1978) the
mare basalt thicknesses found by De Hon and Waskom (1976)
should be reduced by a factor of 2. Thus the maximum thickness
of the mare basalts should be much less than 10km. A maximum
value of 7 km is used in this paper.

Each mascon model proposed must be in accordance with
a reasonable model history, which depends on the initial depth
of the impact basin. Estimations of this depth differ over a very
large range: Head et al. (1975) estimate for Imbrium a value of
8—27 km, while Dence (1977) assumes, for the same basin, 160 km.
Thus this boundary condition cannot provide much constraint
in model construction.

Values of the boundary conditions are summarized in Table l.

Non-Isostatic Mascon Models

In this section some basic non-isostatic mascon model solutions
from the literature are presented and a further development of
these models is described for the mascons of Mare Crisium and
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Table 1

Topography 2.3 km Crisium
(mare basin depth) 1.65 km Serenitatis

Mean crustal thickness 60 km

Density—depth distribution 2.4 g/cm3 uppermost crust
2.7 g/cm3 upper crust
2.9—3.0 g/cm3 lower crust
3.3 g/cm3 mare basalts
3.5 g/cm3 upper mantle

Thickness of mare basalts g 1—2 km shelf areas
g 7 km central areas

Initial depth d of the 10 km < d< 160 km
impact basins

Mare Serenitatis. A similar investigation has been presented by
Sjogren and Smith (1976) for the Orientale basin.

All models have been fitted to the gravity maxima of both
Crisium and Serenitatis in order to take into account the long
distance effects of gravity. As a first step, the mass models have
been fitted to the high altitude orbit Apollo 15 CSM, revolution
15. Different model solutions for Crisium are given in Fig. 3.

Nearly all models (except the “mixed crust model” of Fig. 3d)
originate from a medium depth of the initial impact basin of
several tens of kilometers.

Figure 3a represents the near surface solution (Conel and H01-
strom 1968). The mare basalt thickness of 26.5 km is considerable
and not compatible with the boundary condition of thin mare
basalts.

The mantle plug solution of Wise and Yates (1970) is presented
in Fig. 3b. It is assumed in this model that the mare basalts
have no excess density or are negligibly thin. Relative large vertical
movements of the crust-mantle boundary are necessary in order
to explain a mantle plug of 40 km. Two processes could be respon-
sible for a Moho rise: (1) rebound immediately after the impact
and (2) later isostatic adjustment.

Figure 3c shows the two-body mare basalts and mantle plug
model previously suggested by Bowin et al. (1975). In order to
observe the boundary condition of 7 km mare basalt thickness,
a mantle plug of 25 km is required.

In Fig. 3d a mixed crust consisting of crustal and intruded
mantle material is introduced in addition to a thin mare basalt
layer. Intrusions of mantle material into the crust underlying the
basin are favoured (l) by the hydrostatic pressure deficit of the
basin and (2) by the disturbed crust consisting of fallback breccia
in the upper part and a ruptured zone in the lower part, down
to the mantle and, perhaps, reaching into the upper mantle. A
relative density increase with regard to the undisturbed crust, of
from 0.2 at the uppermost crust to 0.4 g/cm3 at the Moho, is
introduced for the crust-mantle mix. This two-body model requires
an initial basin depth of only a few kilometers, in agreement
with the estimation of Head et al. (1975) due to its thin mare
basalt layer of 3.5 km.

All previous model types are combined in the three-body model
suggested last (Fig. 3e): (1) a mare basalt thickness of 6 km, in
agreement with the boundary condition of a thin mare basalt
layer, (2) a mixed crust with a density increase of 0.2 g/cm3, and
(3) a moderately sized mantle plug of 12 km. Based on this model,
an example of a complete model for Serenitatis and Crisium, to-
gether with measured and computed gravity anomalies, is pre-
sented in Fig. 4.

“MM
°- W

‚ ..... c r25-5km mare basalts

m mixed crust
(crustal and
mantle material)

60km

77777777 Moh077777777-

b. c
OOOO—I7km

— 40km
25 km

3.5km

+02 /cm3
0.3

0.1.
\\

\\‘7/

L231
Fig. 3a—e. Basic gravity model solutions of Crisium (all calculated models
include a mass model of Serenitatis), Apollo 15 CSM, Rev. 15. a Mare
basalts (Conel and Holstrom 1968); b mantle plug (Wise and Yates
1970); c mare basalts and mantle plug (Bowin et al. 1975); d mare basalts
and mixed crust (consisting ofcrustal and mantle material); e mare basalts,
mixed crust, and mantle plug. (a, b: one-body models; c, d: two-body
models; e: three—body model)

777777

An Isostatic Model Solution

Non-isostatic mascon models cause considerable stress differences
in the crust and mantle (Figs. 9 and 10). That is, the mass surpluses
should have sunk into the mantle since their formation about
3><109 years ago, if the viscosity of the upper mantle is low.
This may be the case for some high temperature models which
have near-solidus temperatures at a depth of 200 km (Kuckes
1974; Sonettand Duba 197 5). Isostatic modesl circumvent this prob—
lem provided that the depth of compensation lies far enough above
the zone of near-solidus temperatures. Thus, the schematic solution
pursued here aimed to find a minimum level of compansation.

Isostatic mascon models have already been proposed in
earlier papers (Hulme 1972; Kunze 1974). They require that

lg(z)Ap(z)dz where Ap(z)=1ateral density contrast, g(z)=
o
gravity, and z =depth, vanishes at the depth of isostatic compen-
sation 20. In order to account for the positive gravity anomaly
of the mascons, the following restrictions on Ap(z) are im-
posed: there must be compensating (1) surplus masses near to
the surface producing larger gravity anomalies than observed, (2)
there must be compensating mass deficits at depth, whose negative
gravity anomalies at the altitude of observation are small compared
to the positive anomaly due to the distance effect. The mass deficit
due to the topographic depression of the mare surface leads to a
further increase of the necessary mass surplus and depth of the
mass deficit, respectively.

Kunze (1974) proposed a partial melt of the upper mantle
below the basins due to pressure relief after basin excavation.
Some melts rise up into the basins leaving a residuum of lower
density which represents the compensating deficit mass. The depth
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of compensation in this model lies at 450 km, which is not in
agreement with the high temperature models mentioned above.
Nevertheless, the possible existance of a compensating body lying
higher is not in contradiction to the model history of Kunze.

Hulme (1972) proposed a model which was based mainly on
gravitational sinking due to basin loading with heavy mare basalts.
Thus, light crustal material is bent down into the higher density
mantle causing a compensating body of negative density difference.
The depth of compensation in this model lies at 150 km (with
the assumption of a mean crustal thickness of 100 km), which
is considerably above the zone of near solidus temperatures of
the high temperature models.

In this paper, ignoring first the conception of a model history,
a minimum depth solution for Crisium has been investigated.
For this purpose, the upper limit of 7 km thickness for the mare
basalts has been suspended. The mass surpluses of the mare basalts
are compensated by an underlying body with negative density
contrast to the surroundings of —0.5 g/cm3

Every attempt failed to achieve isostatic compensation above
the depth of the crust-mantle boundary. The final model led to
a rather extreme solution with a mare basalt thickness of 60 km
with an underlying zone of decreased density down to a depth
of 116 km.

The following model history is proposed (compare Fig. 5):
An initial basin depth of 100 to 150 km is assumed, consistent
with the estimation of Dence (1977). About half the basin was
filled with brecciated crustal and mantle material immediately
after basin excavation, partly by fallback and partly by basin
collapse. The remaining basin was subsequently flooded by mare
basalts. Before basin flooding the density of the brecciated zone
was 2.5 g/cm3 or less (Talwani et al. 1973; Cooper et al. 1974).
Intrusions of mantle material and later the pressure of the excess
masses of the superimposed mare basalts caused a density increase
in this zone, up to 3.0 g/cm3, i.e., the density difference between
these compensation masses and the undisturbed upper mantle is
—O.5 g/cm3
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The isostatic model proposed here is very similar to the isostatic
solution of Hulme (1972), however, the model histories are partly
different.

Model Calculations for the Low Altitude Orbit
and Model Discrimination

A strong restriction on the model solutions is given by the bound-
ary condition of thin mare basalts, which rules out the pure basalt
model (Fig. 3a) and the isostatic model (Fig. 5).

The model fits described above for revolution 15 have shown
that many mass configurations satisfy the measured gravity data.
This reflects the ambiguity of the gravity inverse problem. In
order to achieve a further discrimination of different model solu-
tions and to select a type for a final complete profile, the LOS
gravity of all models presented above has also been computed
for the low altitude orbit of Apollo 15 CSM, revolution 5. An
example of these calculations is given in Fig. 6. The differences
between computed and measured gravity maxima of Crisium and
Serenitatis are listed in Table 2.

The model calculations show that the large gravity minima
bordering the maria Imbrium, Serenitatis, and Crisium are only
partly caused by negative boundary effects of the mascons (Figs. 4
and 6). This problem will be treated in the next section, in connec-
tion with a final model solution.

Table 2 shows that model fitting at two different altitudes does
not constrain model discrimination significantly. There are still
enough free parameters (density differences, height of mantle plug,
horizontal extent of mass anomalies) which can be varied in order
to fit the gravity anomalies in both orbital altitudes (Compare
also differences of measured and calculated gravity of Fig.6).
Thus, the most stringent boundary condition is the upper limit
for mare basalt thicknesses of 7km. As mentioned above, the

Table 2. Apollo 15 CSM, Rev. 5. Differences between measured and
model gravity maxima, mass distributions of Fig. 3, no additional fit
to gravity of Rev. 5

Model type Serenitatis Crisium
(max. =227 mgal) (max. = 197 mgal)

Fig. 3
(a) Mare basalts 38 15
(b) Mantle plug 37 26
(c) Mare basalts+ 7 50

mantle plug
(d) Mare basalts+

mixed crust
(e) Mare basalts+ — 5 44

mantle plug+
mixed crust

Isostatic model (only — 1
fit for Crisium, Fig. 5)

—39 45

consideration of the topographic basin also greatly influences the
model structure because it considerably increases the gravity
anomalies which have to be fitted (Fig. 2).

The isostatic model calculated for Crisium only can be excluded
because of the extreme mare basalt thickness of 60 km, although
it provides an excellent fit to the low altitude gravity data (Table 2).

Considering now the non-isostatic models, both one-body
models can be excluded. In one case the mare basalt model
(Fig. 3a) with a basalt thickness of 26.5 km is in contradiction
to the boundary condition of a thin mare basalt layer. In the
other case the mantle plug model (Fig. 3b) is in contradiction
to the observed existence of high density basalts with a thickness
of at least two kilometers. Another objection to this model is
the requirement of an extremely high mantle plug of 40 km, i.e.,
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C)

2/3, of crustal thickness. Both two-body models (Figs. 3c, (1) and
the three-body model (Fig. 3e) agree with the boundary condition
of thin mare basalt thicknesses.

The two-body model, combining a mixed crust and mare ba-
salts (Fig. 3d), differs only slightly from the three-body model.
The lower part of the mixed crust with a density difference of
0.4 g/cm3 can also be interpreted as a mantle plug with minor
crustal constituents. Thus, a discrimination between these two
models is no longer necessary.

A discrimination between the two-body mare basalt/mantle
plug model and the three-body model will now be suggested in
relation to basin evolution processes. The mantle plug of 25 km
in the two-body model seems to be rather large, but it cannot
be excluded in View of rebound processes. The introduction of
a zone of crust-mantle mix seems to be reasonable considering
the following two processes during basin evolution. (1) in the
case of an initial cavity deeper than crustal thickness (Dence 1977)
a material mixing results in a crust-mantle mix below the basin,
(2) during the mare basalt period, mantle material has intruded
into the fractured region below the basins and finally flowed out
into the basins; these mantle intrusions result in a density increase
below the basins. The introduction of a zone of a crust-mantle
mix leads, consequently, to a decrease of the mantle plug, compar-
ing the two-body and the three-body models (Fig. 3c, e).

Summarizing the arguments above leads to the conclusion that
the three-body model agrees best with the boundary conditions
and the processes of basin building and mascon evolution. This
model solution will be developed to a complex model in the next
section.

[CRISIUM - SERINITATIS - IMBRIUÆ

A Complete Crustal Model from Southern Imbrium
Over Serenitatis to Crisium

The main problems for a complete model fit of the measured
gravity data extending from southern Imbrium over Serenitatis
to Crisium are the large regional minima bordering the mascon
anomalies (Figs. 4 and 6). They are caused partly by negative
boundary effects from the mascons. Ferrari et al. ( 1978) proposed
a crustal thickening between Imbrium and Serenitatis due to re-
bound processes after the impacts. This model is confirmed by
a terrestrial experimental high-explosive crater (Snowball Crater,
Roddy 1976, Fig. 15). The idea of crustal thickening has been
adopted here. It has been modelled by several discs with a negative
density contrast of —0.5 g/cm3 The maximum thickening necessary
is 20 km. In order to include the negative boundary effects of Im-
brium on the western shores of Serenitatis, this mascon had also
to be considered in the model configuration. The entire model
was fitted to both the high and low altitude orbits (Figs. 7 and 8).

The final crustal model presented here gives a solution satisfy-
ing the gravity data of high and low altitude profiles for a rather
large area with an extent of 3,000 km, i.e., long distance effects
of the mascons of Imbrium, Serenitatis and Crisium and of the
crustal thickenings are considered. The introduction of a mixed
crust has the advantage of avoiding extremely thick mare basalts
and large mantle plugs.

Conclusions

Considering the problem of isostasy of the complex model pre-
sented here, the central mascon area with its high positive lithostat-
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ic stresses of 150—180 bar (Fig. 9) should have a tendency to crustal
sinking (mass surpluses are associated in this paper with positive
lithostatic stresses, mass deficits with negative stresses).

Compensation of the mass deficits of the 20 km crustal thicken-
ings should result in a surrounding mountain range with an eleva-
tion of 4.2 km. From the elevation profiles of Figs. 7 and 8, there
is no indication, in the areas of crustal thickening, of such large
mountain ranges; i.e., the mass deficits are more or less uncompen-
sated. Assuming a density difference of —O.5 g/cm3 leads to nega-
tive lithostatic stresses of — 161 bars with an uplift tendency. This
is the same order of magnitude as the positive stresses of the
central mascon areas. Thus the contact zones of the areas of
crustal sinking and uplift should be favoured for progressive tec-
tonic failure zones.

These conclusions are in accordance with two morphologic
structures: (1) the basin edges are favoured for the origin of the
youngest lava flows (Boyce 1976); (2) the tendency to crustal
sinking in the mascon area combined with the tendency to crustal
uplift in the bordering zones results in an extensional stress field
in the bordering zones, which may be the cause for the surrounding
rilles of many maria (Fig. 7). Extensional stresses for the bordering
zones of Serenitatis have been calculated by Solomon and Head
(1979) based on a one-body mare basalt model. The crustal thick-
enings proposed in the model of this paper lead to a strengthening
of the surrounding extensional stress field.

In the following the question of stability of non-isostatic mas-
con models is discussed.

Age determinations of mare basalts showed that the main

phases of basin filling are terminated at about 3 x 109 years B.P.,
although many younger flows exist, up to 2.5x 109 years B.P.
(Boyce and Johnson 1978; Boyce 1976). This means that the lunar
crust/mantle system must have been able to sustain lithostatic
stresses of 160 to 180 bars (Fig. 9) for 3 x 109 years.

The lithostatic stresses acting on the mantle can be used (1)
to estimate the upper mantle viscosity 11 and (2) to calculate the
maximum shear stresses applied to the upper mantle.

(1) Considering the lunar mantle as a half space with the
rheologic properties of a Maxwell body, the elastic and viscous
parts can be decoupled for long loading times (Cathles 1975,
pp. 59—60). Assuming a cylindrical load, the vertical elastic dis-
placement u and the vertical viscous displacement velocity v for
the center of the load are given by Nadai (1963), pp. 241—246):

(1—a>P.au=———
k

AZ fia PzaAt
v=———=———

n:At 2 2A2

where
Pz =load (lithostatic stress, Fig. 9)
a =radius of the load
a = Poisson ratio
k =modulus of shear
Az=vertical displacement of the load
At =loading time
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A Poisson ratio of 0.25 is adopted from Nakamura et al. (1976).
A shear modulus k of 7.7 >< 1011 dyne/cm2 is found using k=sz,
with an upper mantle density p of 3.5 g/cm3 used in this paper
and an upper mantle shear wave velocity VS of 4.7 km/s (Naka-
mura et al. 1976).

The vertical displacement Az of the load results from elevation
statistics of Runcorn (1974), who found a systematically lower
level of 1 to 1.5 km of the circular maria relative to the irregular
maria which are older and do not have excess masses.

All parameters used in displacement and viscosity calculations
are summarized in Table 3.

The elastic displacement u is about 35 m for Crisium and Seren-
itatis. This value may be neglected in relation to 1 km of total
sinking. An effective upper mantle viscosity of 1027 poise as-
sumed constant for the whole time period of 3 x 109 years, is ob-
tained. This value is in agreement with investigations of Arkani-
Hamed (1973) for postmare viscosity and Meissner (1975).

In reality there should be a gradual increase of viscosity with
time due to cooling; however the sparse data included in the
estimations in this investigation do not justify evaluation of more
detailed viscosity models.

(2) Maximum shear stresses (rmax) applied to the upper mantle
half space can be calculated from lithostatic stresses of Crisium
and Serenitatis with the assumption of cylindrical loading (Fig. 9;
Nadai 1963, p. 245):

rmax = (1/4)Pz(— 1 + 20— 2(1+ a)2(a2+22)_ 1/2 + 3273(612 +22)‘ 3/2
z=depth

The resulting maximum shear stresses in the upper mantle are
shown in Fig. 10.

These results have an important bearing on the lunar thermal
history. The high average effective upper mantle viscosity of 1027
poise and the shear stresses of 65 bar at a depth of 200 km are
not compatible with some temperature models (Kuckes 1974; Son-
nett and Duba 1975) which are not more than about 200° K
below the solidus at this depth. Considering a mantle solidus
of about 1,600° K (Tm) at a depth of 200 km (Hodges and Kushiro
1974) a mantle temperature of 1,300°K (T) yields a relation
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Table 3

Load Pz Crisium 186.5 bar
Serenitatis 155.7 bar

Radius a Crisium 182 km
Serenitatis 243 km

Poisson ratio 0.25

Shear
modulus K 7.7 >< 1011 dyne/cm2
Loading time At 3 >< 109 years
Vertical displacement A2 1 km

of the load

maximum shear stress
00 1p 2'0 310 1.0 5,0 go 7010m1

: nonisostotic model
60-

100 i Serenitatis
_ Crisium

: Cnsmm Serenitatis

200E 3.12:2?s 64.3 53.6 bar
_ depth 173 210 km
~ Pz 186.5 155.7 bar

300 + POIsson ratio 6 = 0.25

LOOr

soo 11
[km]

depth

Fig. 10. Maximum shear stresses below Serenitatis and Crisium (relating
to mass distributions of Fig. 7)

T/Tm=0.8. A conversion of T/ Tm into viscosity, according to the
method of Meissner and Lange (1977), gives a value of less than
1020 poise which is unreasonably low.

Turcotte (1979) developed a stress relaxation temperature Te
depending on an olivine deformation law:

T _ 6.16 ><104
e—ln (2.62 ><109 0-3 2;)

(oozinitial stress in bars, trzrelaxation time in s, 7; in oK).
Assuming for the lunar case 00:100 bar and t,=109 years

gives in Te=900° K. This result shows that high temperature mod—
els are not compatible with significant mascon stresses. Recent
calculations of upper mantle temperatures by Keihm and Langseth
(1977), which vary from 300° K to 600° K below the solidus at
a depth of 200 km, are more appropriate to a high upper mantle
viscosity and the existence of significant shear stresses. Considering
the estimation of the stress relaxation temperature above, the cool—
er values should be preferred.

The discussion above did not consider the effect of the absence
of volatiles, especially water, in lunar materials. Laboratory inves-
tigations by Mitzutanni et al. (1977) and theoretical calculations
by Kirby (1977) and Meissner (in press 1980), in the case of
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:he Earth, show an increase of strength with decreasing water
content of the materials. Since it seems impossible to extrapolate
from terrestrial conditions to the moon, a repetition of these exper-
imental and theoretical investigations under lunar conditions,
especially under totally dry conditions, is necessary.
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Abstract. The modulation of hemispheric magnetic activity (as
measured by Kn and Ks) displays a specific modification compared
to planetary activity (Km indices), in terms of both the diurnal
UT variation and the appearance of an additional annual wave.
To allow for the observational results Damaske (1976, 1977) sug—
gests a modification of the planetary modulation function sinZ/i
(where ß is the angle between the solar wind flow and the earth’s
dipole axis) through an additional constant angle ‚80. In a quite
different interpretation Mayaud (1977, 1978), while retaining the
modulation function unchanged, attributes the observed modifica—
tions to the combined action of various sources: the main compo—
nent involving certain LT features in connection with DP2 fluctua—
tions, and a second component related to a universal modulation
of the LT variation. The present paper demonstrates that the
latter interpretation fails quantitatively in explaining sufficiently
all of the observed hemispheric effects.

Key words: Geomagnetic activity — Annual wave — Hemispheric
activity indices.

Introduction

Despite the well-known 6-month wave in geomagnetic acitivty,
the search for a persistent 12-month wave has long met with
failure, as long as the analysis has been based on monthly means
of daily values. Only during the past decade, with a refinement
of the methods and a new type of data, has the existence of
two different annual waves definitely been revealed, the two being
distinguishable in respect of both their morphological structure
and origin.

The first of these two annual waves has been established by
Meyer (1972, 1973) through a harmonic sequence analysis of daily
values at intervals of 27 days, i.e., one solar rotation. Its amplitude
is large (almost 3 times that of the semiannual wave) for years
before and including sunspot minima, whereas the wave is almost
vanishingly small in years around sunspot maxima. Its phase
changes arbitrarily with a wave maximum close to either one
of the two equinoxes. Hence the wave is partially averaged out
when utilizing monthly means and thus could not be detected
by ordinary harmonic analysis of monthly values. Meyer (1972,
1973) has interpreted this kind of annual wave as a temporary
north-south asymmetry of the large-scale solar wind structure
within single solar sectors in connection with the same magneto-
spherical modulation mechanism responsible for the semiannual

0340-062X/81/0049/0066/3501.00

wave. The results of Berthelier (1975; Fig. 1a, b) indicate that
the polarity of the interplanetary field with its quasi-persistent
sector structure may also be essential for producing the observed
effect.

The second kind of annual wave was disclosed by Damaske
(1976, 1977, 1978) from 27—day means of hemispheric activity indi-
ces, again through a harmonic sequence analysis. In the case of
the quasi-logarithmic indices (Kn, K5), the amplitude of this hemi-
spheric annual wave is also larger than that of the semiannual
wave and appears to be independent of the solar cycle (with a
slightly, but not significantly, larger magnitude for the southern
hemisphere). Its phase, however, is nearly opposite in each hemi-
sphere, corresponding to a wave maximum close to the respective
meteorological summer solstice. Hence, this wave is again averaged
out when utilizing planetary, i.e., worldwide indices and thus could
not be detected in Km or Kp. Damaske (1976, 1977) reduces this
annual wave, as an additional hemispheric effect, to a modification
of the modulation function sin2/3 describing the modulation of
planetary magnetic activity (where ,8 is the angle between the direc-
tion of the solar wind flow and the earth’s dipole axis). Physically,
this modification implies a modified modulation mechanism with-
out involving additional excitation.

In effect, the hemispheric annual wave corresponds to the ob-
served winter-summer difference in geomagnetic activity (Wulf
1971), as well as to the annual wave noticed in ratios (Mayaud
1972) or differences (Berthelier 1975; Fig. 1c) between the magnet-
ic activity in each hemisphere. However, the qualitative methods
applied have in no case led to an accurate determination of the
amplitude and phase of the observed periodicity. Recently Mayaud
(1977) has investigated further the annual wave in hemispheric
activity indices, again by various superposed epoch analyses. His
analyses also include separate studies for the eight (i.e., five north-
ern and three southern) longitude sectors from which the hemi-
spheric indices are derived. He suggests that the annual wave
is due mainly to two additional and independent sources whose
effects are then superimposed on the general planetary modulation
through sinzfi: the one consisting of additional activity around
local afternoon, predominantly during summer, in connection with
the DP2 fluctuations; the other being related to a multiplicative
modulation of the local time (LT) variation of activity, again
by the function sin2,B (see also Mayaud, 1979). The purpose of
the present paper is to examine quantitatively to what extent the
two components of this source model can actually contribute to
the observed hemispheric annual wave and whether this model
may possibly provide an equally valid or still better representation
of the observational results than does the modified modulation
function.
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The Modified Modulation Function

The classical method of investigating a given periodicity in geo-
physics is the statistical harmonic analysis developed by Bartels
(1932, 1935; see also Chapman and Bartels 1940) and, for many
years, applied successfully by Bartels and his co-workers. The
strength of this method is that, through combination with a vari-
ance test, it yields at the same time quantitative statements on
the significance of the results. The harmonic sequence analysis
introduced by Meyer (1972, 1973) is a modified version especially
suited to the study of annual variations in solar-terrestrial relation-
ships.

With regard to planetary activity indices (such as the 3-hourly
Km and daily C9), a complete harmonic analysis of daily and
annual variations has yielded harmonic constituents which are
in full accordance (within the limits of statistical error) with the
ones obtained by a Fourier expansion of the modulation function
sinzfi, in terms of both phase and amplitude ratio (Damaske 1976,
1977). All significant periodicities (diurnal, semidiumal waves in-
cluding their annual amplitude modulation, and the semiannual
wave) and only these are represented by the expanded planetary
modulation function. Accordingly, sinzfi provides a complete re-
presentation of planetary activity modulation.

Likewise, a comprehensive harmonic analysis of quasi-logarith-
mic hemispheric indices (3-hourly Kn, Ks and daily C9n,s) has
revealed, as specific features, a modification of the diurnal UT
wave and an additional (hemispheric) annual wave (Damaske
1976, 1977). Apart from merely statistical scattering it appears
that the seasonal average vectors in the harmonic dial for the
diurnal wave are systematically shifted towards the mean vector
direction during meteorological winter. The same finding is readily
apparent in a corresponding shift of the annual amplitude modula-
tion curve for the diurnal wave in either hemisphere. It is equiva-
lent to an additional diurnal wave in both hemispheres, with con-
stant amplitude andphase throughout the year. Its maximum occurs
near the hour of planetary wave maximum in local winter, i.e.,
at 04.30 hours UT in the southern hemisphere and 16.30 hours
UT in the northern. Thus the total diurnal wave appears enhanced
in local winter and diminished during local summer. Damaske
(1976, 1977) accounts for the observed hemispheric modification
of the diurnal wave by a modification of the modulation function
sinzfi through an additional constant angle ßo (with ‚80——— i 11°,
as computed from the amplitude ratio of the planetary diurnal
wave to the additional wave). Subsequently, by another Fourier
expansion, he was able to deduce, from the modified modulation
function sin2 (ß+ß0), the particulars of all significant (and only
the significant) periodicities in Kn and K9 including the hemispher-
ic annual wave, within the limits of statistical error. Hence, the
modified modulation function provides again a complete represen-
tation of hemispheric magnetic activity modulation.

The numerical value of i 11o for ‚80 (+11.9O and ——10.6° for
the northern and southern hemispheres, respectively) may well
appear somewhat high. But it must again be emphasized that
it is the result of a strictly quantitative harmonic analysis which
corresponds to a statistical least-square method. As such, the cal-
culated value is of course subject to statistical error. (In fact
this is the reason why we are using an integer average of 11°).
Hence, any deviation of observational results from that predicted
with a certain value of ßo has to be judged not by its relative
amount as Mayaud (1979) does but, instead, relative to the respec-
tive probable error circle. In the case of the observed annual
wave in the hemispheric Kn and Ks, the deviation of the result
clearly lies within the range of one standard deviation (which

is 1.20 times the probable error) from the predicted annual wave
(see Damaske 1976, Fig. 32; or Damaske 1977, Fig. 19). From
the sample group of years investigated, the value calculated comes
out as an amount necessary to allow for the observed modification
of geomagnetic acitivity modulation, once a modification of the
modulation function sinzfi through an additional constant angle
ßo has been allowed.

Since ‚ß refers to the internal dipole of the main geomagnetic
field, ßo can be described formally by an additional tilt of an
“effective dipole axis” which is equivalent to an additional exter-
nal dipole for either hemisphere possibly due to the large-scale
magnetospheric current systems in connection with the asymmetric
polar oval (Damaske 1976, 1977; Meyer and Damaske 1978).
Any physical interpretation of this formal result may, admittedly,
be regarded as only tentative. Clearly there has to be made a
distinction between definite results of a quantitative analysis of
experimental data and their physical explanation.

The DP2 Annual Wave Source

Mayaud (1977, 1979) suggests, as an alternative to the modified
modulation function, two main source components, the first con—
sisting of additional magnetic activity especially in the horizontal
component around 15.00 hours LT, which Mayaud relates to the
DP2 fluctuations. He finds that in either hemisphere the effect
is much larger during local summer and almost vanishing in local
winter. In the way Mayaud understands and describes the phenom-
enon, its amplitude variation with longitude would induce an addi-
tional UT component in the hemispheric Kn, Ks (or an, as) which
should then account for the observed modification of the diurnal
UT variation during local summer. Besides the fact that such
a local time effect would create an annual variation in hemispheric
indices only if the daily average is also affected (see Damaske
and Meyer 1980), the suggested source model fails absolutely in
providing a possible explanation for the additional diurnal UT
wave in local winter, which occurs with the same amplitude and
phase as in local summer (see above). Moreover, any additional
UT component that is confined to local summer (or any other
meteorological season) would be retained instead of being elimi-
nated when averaged over both hemispheres. But such an elimina-
tion of the specific hemispheric effects is required for correspon-
dence with the observed planetary activity modulation following
the sinzß law. (In particular, since am is the average of an and
as, it is quite clear that the activity modulation bearing on am
has to display exactly the average of the modulation curves for
an and as).

Hence, although the reality of the peculiar LT effect Mayaud
discusses is not disputed, it turns out that this phenomenon
does not explain sufficiently the observed modification of hemi-
spheric magnetic activity modulation as far as the diurnal UT
variation and the annual wave are concerned. It remains to be
examined whether the second component of Mayaud’s source
model might allow for all the deficiencies discovered.

Modulation of the Diurnal LT Variation

The second component of Mayaud’s (1977, 1979) annual wave
source model is based on the assumption that the daily LT varia-
tion at every station undergoes a multiplicative modulation by
the planetary modulation function sinzfl (without including the
additional angle [30). As any LT variation can be written formally
as a UT variation with longitude dependent phase, such a modulat-
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ed sinusoidal LT variation can be expressed (in relative units)
by
sinzfi >< cos(t——À+ÂO)
=sin2fl >< {cost cos(/l—/lo) +sint sin(‚1—Ä0)}‚ (1)

where t is the hour angle of universal time (15° per hour), ‚i
being the (eastward) longitude of the station, and ‚10 a constant
phase angle corresponding to the daily maximum of the LT varia-
tion. (If the formulation is applied to the southern hemisphere,
another phase angle of 180° has to be added to account for the
reverse sign of the daily variation at an antipodal station). Replac-
ing sinzfi by its Fourier expansion (Damaske 1976, 1977) and
forming daily averages (to determine the annual variation) yields:

1
27:

E
1 sin2 ‚ß xcos(t—Â+Âo)dt
o

=%(0.146 cow—0.003 cos3a) cos(/l—/10), (2)

where 0: describes the seasonal variation, i.e., increasing by 360°
per year with oc=0 at the beginning of the (northern) summer
solstitial day (22 June). All other terms in Eq. (1) have vanished
on account of the orthogonality conditions for trigonometric func-
tions.

From Eq. (2) it is immediately apparent that for any longitude
‚l (or longitude sector) an additional annual wave indeed occurs
with constant phase and a longitude dependent amplitude includ-
ing change of sign, namely: 0.073 cos(/l—/10) cos a. (The other
harmonic constituent in Eq. (2), of 4 month period, is negligibly
small). But this annual wave is completely cancelled out when
averaged over all values of l, i.e., over a full hemisphere. Thus,
even when considering the non-homogeneous net of stations, it
cannot give a noticeable contribution to the annual wave observed
in hemispheric indices Kn, Ks or an, as.

When averaging Eq. (1) directly over all values of Â (hemispher-
ic averages), for a certain time t (or a certain 3-hour interval),
all terms vanish identically because sin2/3 is independent of Â.
This means that a modulated LT variation also cannot contribute
to the UT variation in hemispheric indices. The observed modifica-
tion of the diurnal UT wave in Kn and Ks relative to the one
in Km can in no part be attributed to a universal modulation
of the LT variation in the way Mayaud suggests. Such an effect
can definitely be excluded from any explanation of the characteris-
tic features of hemispheric activity modulation.

The assumption of a purely sinusoidal LT variation implies no
loss of generality. As can easily be shown by Fourier expansion of
a non-sinusoidal LT variation, the inferences concerning the annual
wave remain unchanged. Additionally, there is a small but persistent
(sinusoidal) activity variation with longitude. But again all constituents
vanish when averaged over the whole hemisphere, with respect to daily
values as well as a particular 3-hour interval.

Conclusions

To summarize, quantitative examination of the two alternative
annual wave interpretations has ascertained that the modified
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modulation function provides at least a complete description of
hemispheric activity modulation, as far as magnetic activity
is measured by Kn and Ks. Against this, Mayaud’s concept of
two additional sources does not explain satisfactorily the observed
hemispheric effects. Nevertheless, his suggestion of a modulated
LT variation may well contribute to an understanding of any
superimposed amplitude variation of the annual wave in sectorial
indices which cannot quite be excluded from the present material
(Damaske 1978). It would be highly desirable to investigate this
effect further with respect to a higher statistical significance.
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On the Relation Between Magnetic Field-Aligned Electrostatic Electron
Acceleration and the Resulting Auroral Energy Flux
K. Wilhelm
Max-Planck-Institut fur Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. Supra-thermal electron fluxes measured above auroral
arcs aboard two Porcupine sounding rocket payloads in 1977
and 1979 were used to study the relation between the accele-
ration potential difference as deduced from the position of the
peak in the energy spectrum and the resulting electron energy
flux. It was found, contrary to the findings of other authors, that
the dependence of the energy flux on the acceleration voltage
could be described by a linear relationship to a good approxi-
mation, above discrete auroral arcs. A stronger dependence of
the energy flux on the acceleration voltage was however ob-
served near the edges of auroral forms. Supported by model
calculations, the suggestion is put forward that different distri-
bution functions of the source electron populations might be
responsible for the change of the relationship.

Key words: Auroral electron flux —- Field-aligned electrostatic
acceleration.

Introduction

The acceleration or post-acceleration of electrons by electro—
static fields along magnetic lines of force above discrete auroral
forms appears to be the only physical concept available for
explaining a variety of distinct features of auroral electron
distribution functions, such as spectral peaks and field-aligned
pitch angle distributions (Whalen and McDiarmid 1972; Evans
1974; Arnoldy et a1. 1974; Kaufmann et a1. 1976; Mizera and
Fennell 1977; Croley at al. 1978; Sharp et al. 1979; Wilhelm
1979). On the other hand, our present knowledge is not sufficient
to allow us to understand the acceleration process and the
subsequent interactions of the electron beam with the magneto-
spheric plasma in any detail, as was recently pointed out by
Whalen and Daly (1979). Further clarification can be expected
to result mainly from observational programmes. Lyons et al.
(1979) studied auroral electron fluxes on board several sounding
rocket payloads and found a relationship between the net elec-
tron energy flux 8 into the ionosphere and the acceleration
potential difference V0 of the form 8=KV02 with values of the
constant K between 0.1 and 0.96 erg cm“2 s‘1 kV‘z, for various
auroral conditions. The authors interpret their findings to mean
that a direct physical connection exists between the acceleration
voltage and the field-aligned current carried by energetic elec-
trons, as derived from the electron energy flux.

In an attempt to verify these observations, the electron flux
observations made during the Porcupine sounding rocket flights

F-2 and F-4 were studied whenever a well developed peak in the
electron energy spectrum could be detected. The results ob-
tained seem to be consistent with the observations by Lyons and
co-workers near the edges of auroral forms, but show character—
istic differences above discrete auroral arcs.

Observations

Electron spectrometers (denoted KL 7) operating in the supra-
thermal energy range, from 0.1—25 keV, were flown aboard the
Porcupine payloads F-2 and F-4 launched from ESRANGE,
Kiruna, on 20 March 1977 at 19:22 UT and on 31 March 1979
at 22 :29 UT, respectively. Both flights encountered auroral elec-
tron precipitation over discrete auroral forms with maximum
energy fluxes in the range 0.1—25 keV of 12 erg cm‘2 s"1 on F-2
and 28 erg cm‘2 s‘1 on F-4. No electron fluxes with strongly
field-aligned pitch angle distributions could be found during the
time intervals showing peaked electron spectra. It was thus
possible to simplify the data analysis by selecting an instrument
channel (A2) essentially sensitive to downgoing electrons. The
measurements of upgoing electrons were limited to a pitch angle
range just above 90° thus precluding a determination of the net
electron fluxes. However, it has been established in other in-
vestigations (Evans et a1. 1977; Wilhelm 1979) that a reduction of
15% — 25% of the downcoming energy flux leads to a good estimate
of the net flux.

The spectral information obtained during flight F-4 has been
compiled in a three-dimensional co-ordinate system in Fig. 1.
The payload flew into and over a bright auroral form on its
upward flight path and left the intense aurora shortly after 300 s
from launch. Within the region of auroral activity, a distinct
electron energy peak was developed at an energy of 9 keV at the
beginning of the flight, decreasing to less than 1keV near the
nothern edge of the arc. North of this region irregular spectral
features prevailed until a knee distribution with low—intensity
and a change in slope at 2 keV energy formed for the remaining
portion of the flight. In addition to the peak at high energies, a
secondary maximum at approximately 2keV can be noticed
before 200 s elapsed time. Details of the spectral features during
the time period with peaked energy spectra can be seen in Fig. 2,
as well as the continuation to higher energies (Stiidemann,
personal communication).

Using the data displayed in Fig. 1, the electron number and
energy fluxes were computed and are presented in Fig. 3 to-
gether with the values of the peak energies when such a de-
termination was possible. In a similar fashion, the data of flight
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F-2 have been summarized in Fig. 4. The geophysical conditions
during this flight were characterized by several homogeneous
auroral arcs. The spectral features allowed a determination of
the peak energy for most of the flight time.

Discussion

The measurements made during both flights suggest that a
linear relationship exists between the value of the peak energy
and the electron energy flux at times of intense electron pre—
cipitation. A stronger dependence of the energy flux on the peak
energy could be detected near the edges of the auroral forms, in
particular near 200 and 330 s elapsed time of flight F-2 and 270 s
of F-4. The energy flux was, however, nearly independent of the

20

Time after launch, s

Fig. 3. Electron number and energy fluxes for flight F-4 calculated by
using the data of Fig. l have been plotted together with the peak energy
at the beginning of the observations. The first 20 s of the measurements
were influenced by high voltage breakdown within the instrument
caused by artificial plasma releases

peak energy during the time interval 470 to 530 s of flight F-2 in
Fig. 3. These observations imply that the functional form a
=KV02 derived by Lyons et al. (1979) may not be representative
for all auroral conditions. For periods when a linear approxima-
tion of the form s=K* VÜ was appropriate, the factor K* was
calculated to be equal to 3.2 and 3.0 erg (an—2 s‘1 k‘v"l for F-2
and F-4, respectively. The degree of linearity can be seen in
Fig. 5 where the electron energy fluxes observed during the first
portion of flight F-4 have been plotted as a function of the peak
energy, together with the corresponding linear regression. A
reduction of the K* value by 20 ”4, thereby accounting for
reflected electrons, gives about 2.5 erg cm‘2 s“ll kV”. Assum—
ing e=K V02 to be valid between 200 and 2.50 s elapsed time of F—
2, the value of K has to be chosen to be 0.8 erg cm"; s‘l k0”:
in reasonable agreement with the figures obtained by Lyons
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at al. (19’F9]. Both approximations give the same energy flux of
"LS erg cm ‘3 s ‘1 for a peak energy of 3.1 keV. Whether this cross—
ing point has any physical significance could not be determined
from the available data. However, the conclusion seems to be
justified that changes of the functional form have occurred near
the edges of auroral arcs.

Taking for granted the concept of electrostatic field accele-
ration as the cause of the peaked energy spectra, an interpre-
tation of the observations might be obtained by the following
consideration:

The velocity distribution function of the unaccelerated elec-
tron population

felrl=lm§/2W)fe(”’i II} (1)
where v is the electron velocity, me the electron mass, W the
electron energy, a: the pitch angle and je the directional electron
flux, should have a Special form defined by

14W“-Fje(W)_—" (2)

AW is the electron energy gained in the acceleration process
and BO and 3* are the magnetic field values at the positions
considered. Provided the lowest initial energy before the accele-
ration was Wü :>0, it follows that W* ; W0+ A W. The pitch angle
cone or**=='ior0 Opens up to ocÜ=90° when

3* W*—AW—— 1. 4B0 W, ()IIV

The observational evidence that no significant dependence of the
downgoing electron flux on pitch angle was present during the
intervals under discussion suggests that condition (4) was fulfil—
led for all directly precipitated electrons. Assuming a vertical
magnetic field direction and BOCK—3, an electron source distri-
bution at lRE [Earth‘s radius) would thus lead to

8(W*#AW);W* (5)

showing that the energy W* after the acceleration could not be
greater than 8 times the initial energy of a particular electron.

Alternative explanations involving isotropization by pitch
angle scattering that might be appropriate for interpreting the
data will not be considered here mainly because of lack of
quantitative information on such processes.

Îr'l
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Without a dependence upon oc* the electron energy flux

=27:
OL—äNlä

j W*j;"(W*) sin oc* cos oc* dW*doc* (6)
o

can, in a certain energy range, be determined analytically by
solving

8(W2,W) :7: j W*j*(W*)dW* (7)

As j’e"(W)=0 for W* < W0 +21 W, the integral reduces to

2(W2,WO,AW)= 71A j ——_———(W*— AW)-vdW*. (8)
*

W0+AW W

The upper limit will, for all practical purposes, be determined by
the restricted energy range of the instrument employed. Here a
value of W2 =25 keV has been used throughout the calculations.
However, electrons with higher energies were measured aboard
the payload F-4 (St'udemann, personal communication) and it
was therefore possible to evaluate the contribution of electron
fluxes with energies above W2. At 143s after launch, for in—
stance, when the energy peak was located near 9 keV (Fig. 2), the
contribution was 5 erg cm’2 s‘1 as compared to 27 erg
cm‘2 s“1 carried by low-energy electrons. The bulk of the
energy flux was, therefore, contained in the restricted energy
range under the conditions prevailing during the flight.

Equation (8) can be integrated to give the energy flux up to
25 keV

8’(Wo‚ AW):7IAF(W*)II%V501-(+-CXW (9)

with

W*2
A W)2F(W*)=(W*—AW)2—V{

2 W*
1—yW*—AW—(W*—

___2_}(1—V)(2—7)
'

The energy flux 8’ thus becomes a function of W0 and A W. It can
easily be shown that 8’ can be approximated by a quadratic form
of W0+AW for values W0 much smaller than AW. This can also
be seen from Fig. 6, where examples with W0=0.05, 0.1 and
0.2 keV are given. Condition (5) would require that, in this case,
field-aligned fluxes should be observable unless the acceleration
occurred much higher than IRE. For higher initial energy
cutoffs, e.g., 1, 2 and 4 keV, the dependence of 8’ on WO+AW
becomes weaker and can be described reasonably well by a
linear function, at least for certain energy ranges, as demon-
strated for the three examples. The sum W0+AW was chosen
as the independent variable, because this value should be related
to the peak energy and thus be conveniently observable.

By comparing the absolute energy flux values in Figs. 5 and
6, it can be concluded that a cutoff energy W0 of approximately
1.2 keV was required to generate the observed energy flux.
Considering again condition (5), this cutoff would be consistent
with the observed lack of field-aligned precipitation up to en-
ergies of 9 keV.

Before any conclusions can be drawn from this model calcu-
lation, the physical significance and a method of observation of 8
has to be considered. Lyons and his co-workers argued and
demonstrated that, in contrast to the electron number flux, the
energy flux was not significantly dependent upon the lower limit
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Fig. 6. Model calculations for the dependence of the energy flux upon
the peak energy for some electron source distributions of the form je(W)
=AW‘2'5 with W> W0. Some segments of linear and quadratic func-
tions of the peak energy WO+A W have been added for comparison. The
bar in the lower portion of the diagram indicates the energy range in
which peaked energy spectra and a linear relation have been observed
during the flights F-2 and F-4

of the instrumental energy range. This fact is also borne out by
the data presented in Fig. 4, where electron number and energy
fluxes were evaluated for two different lower cutoff values during
some portions of the flight time. Although the contribution of
electrons in the energy range from 0.1 to 0.4 keV to the number
flux was significant, the energy flux did not depend upon the
low-energy limit used for the integration, even at times when the
peak energy approached the 0.4 keV limit. It thus appears as if
the energy flux 8’ calculated above can be compared with the
observed electron energy flux in the energy range from 0.1 to
25 keV. In this sense, the linear relationship between the peak
energy value and the energy flux above bright auroral arcs
might be indicative of an energetic electron population above
the acceleration region, whereas electrons with less energy con-
stitute the source population near the edges of the arc, resulting
in a quadratic dependence.
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Abstract. On 2November 1977, at 2015 UT,the sounding rocket
payload F1B of the ‘ Substorm Phenomena’ campaign was launched
from Andenes (Norway). The rocket flew approximately north-
wards and traversed first an area of weak and diffuse auroral
forms in the Harang discontinuity region and then an auroral arc
in the region of the westward electrojet. From the particle mea-
surements obtained during the flight ionospheric conductivities
are calculated using two different methods. When the classical
method is used, i.c., height-integrated conductivities are calculated
from the measured thermal electron densities and temperatures,
only two values can be determined which are temporally and
spatially averaged over the upleg and downleg part of the trajec-
tory, respectively. The calculation of height-integrated conductivi-
ties from the measured energetic electron spectra, on the other
hand, yields instantaneous values for every location where a
spectrum has been sampled. Since there were substantial fluxes
of energetic protons during the flight FIB, we also take those
into account. The height-integrated conductivities calculated with
the two different methods for closely neighbouring regions and
the same geophysical situation are nearly identical. A comparison
between the contributions of energetic electrons and protons
shows that, above 130 km altitude, the ionization rates of the
incident protons were higher than those of the electrons while
below this altitude the ionization caused by the incident electrons
prevailed. Hence, most of the ionospheric conductivity above
130 km was created by energetic protons while below 130 km
altitude the energetic electron contribution was dominant.

Key words:Auroral zone — Ionization — Electron density — Con-
ductivities — Energetic electrons — Energetic protons.

Introduction

lonospheric conductivities play an important role in the electro-
dynamics of the auroral oval. While the meridional and even two-
dimensional distributions of other important parameters like
magnetic and electric fields are already rather well known (Baum-
johann et al. 1980, and references therein), the spatial and temporal
variations of the ionospheric Hall and Pedersen conductivities are
still relatively unexplored. They may be calculated for a particular
location and moment of time if the instantaneous vertical (along
a magnetic flux tube) altitude profile of the electron density (N)
between 90 and about 200 km is known.

0340-062X/81/0049/0074/$01.60

In general, there are two different methods for the determination
of Ne altitude profiles in the auroral zone. The first is based on
relatively direct measurements of the thermal electrons by incoher-
ent scatter and rocket borne plasma analyzers. Vertical and nearly
instantaneous Ne altitude profiles have been measured with the
Chatanika incoherent scatter radar (e.g. Brekke et al. 1974; Banks
and Doupnik 1975), but the measurements were restricted to only a
few locations in the auroral ionosphere. Altitude profiles of NC
have also been measured during rocket flights (e.g. Primdahl et al.
1979) but the profiles were neither vertical nor instantaneous.
Hence, the authors could give only two values for the height-
integrated conductivity, one for the upleg and one for the downleg
part of the rocket trajectory. These values were only approximate
values, since the height-integration of the conductivities was not
made along flux tubes of homogeneous energy deposition but
along the rocket trajectory and was thus dependent on the tempo-
ral and spatial variability of the energy deposition along the tra-
jectory.

The second method is based on measurements of the energy
spectra of precipitating energetic particles. Here, the ionization
caused by the incident energetic electrons and protons is computed
using the methods given by Rees (1963) and Eather and Burrows
(1966), respectively. By assuming reasonable values for the recom-
bination coefficients, vertical and instantaneous altitude profiles
of N6 may be calculated for every flux tube where a spectrum has
been sampled. Hence, height-integrated conductivities may be
calculated nearly everywhere along the whole rocket trajectory,
provided that electron and proton spectra cover a sufficiently
broad energy range and have been sampled high enough above
the absorbing layers of the ionosphere.

The second method has already been used by several authors
(Sharp et al. 1975; Rees et al. 1976; Evans et al. 1977; Behm et al.
1979). In all these studies the ionization caused by incident energet—
ic electrons alone was considered, since the incident proton fluxes
were either weak or not measured. H0wever, by comparing the
ionization efficiencies of energetic electrons given by Rees (1963;
his Fig. 2) with those of energetic protons given by Eather and
Burrows (1966; their Fig. 5a) one may note that the ionization
caused by incident energetic protons is not negligible if the proton
fluxes are of the same order or slightly lower than the electron
fluxes

In the present study we shall calculate height-integrated con-
ductivities using data from a sounding rocket payload which
included a thermal plasma analyzer and several energetic electron
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Table 1. Experiments flown aboard the payload ‘Substorm Phenomena F1B’ and used in this study

Experiment Technique Measurements Institution

Plasma experiment TF 4 Retarding potential analyser

Particle spectrometer
Electrons TL 7
Protons TZ 1

Hemispherical electrostatic analyser
and open electron multipliers

Particle spectrometer TL 6 Magnetic particle analyser
and solid-state detectors

Particle spectrometer TK 1 Solid-state detector telescope

Electron temperature, ion density,
ion wind, vehicle potential
electron flux 0—30 eV

IPM, Freiburg

MPAE, Lindau
INW, Graz

Electron and proton fluxes
0.1(1);Ee(Ep)§25(40)keV

Electron and proton fluxes MPAE, Lindau
20(40)§ 13415,): 200(300)keV
Proton fluxes 0.07 g Epg 2 MeV IFKKI, Kiel

and proton detectors. This extensive data suite enables us to apply
both methods and, for the first time, to include the energetic proton
contribution when using the second method. Where possible, we
shall compare the values given by the two different methods and
in particular, we shall discuss the relevance of energetic proton
fluxes in creating ionospheric conductivities.

Instrumentation

The payload F1B was integrated as part of a larger sounding
rocket programme named ‘ Substorm Phenomena’. The experiment
complements were selected to provide a set of plasma, particle
and field observations during various phases of magnetospheric
substorm events. Details of the experiments used in this study are
compiled in Table 1, which also indicates the various institutions
responsible for the particular instrument developments.

The payloads were launched by Skylark 12 motors from the
Andoya rocket range, Norway, and flight F1B, which was launched
on 2November 1977 at 2015 UT, lasted for about 12 min and
reached a peak altitude of 542.4 km. The payload was controlled in
attitude so as to point 20°i10° off the negative geomagnetic
field direction and had a spin period of 350 ms. The trace of the
rocket trajectory is shown in Fig. 1, at a height of 100 km (project-
ed down along magnetic field lines).

Geophysical Situation During Flight

In order to establish the configuration of the electrojet and the
optical aurora during the rocket flight, data from the Scandinavian
Magnetometer Array (SMA; Kiippers et a1. 1979; Maurer and
Theile 1978) and from the all-sky camera at Abisko (Sweden) have
been analysed.

In Fig. 1 the equivalent current arrows on the Earth’s surface
and the location of an auroral arc are displayed for 2020 UT, the
most relevant interval. The coordinate system indicated in Fig. 1 has
been introduced by Kiippers et a1. (1979) and named the Kiruna
system. It is a Cartesian system obtained by a projection of the
globe onto a tangential plane centered at Kiruna, Sweden (67.8°N,
20.4°E). The yKI axis of the system has been chosen as the tangent to
the projection of the (j)c (KIR): 64.8° line with (be being the revised
corrected geomagnetic latitude as given by Gustafsson (1970).
The xKI axis is perpendicular to the yKI axis and is directed approxi-
mately 12° west of geographic north at Kiruna, where the system
has its origin (xKlz YK1=0)-

The SMA observations (Fig. 1) indicate that between 2000 and
2030 UT (i.e., 1 h before magnetic midnight) Scandinavia was

XKI 77-11-02 2020 UT

6‘q.
'\gg rocket trajectory

2027

EE1100t

\ ..\ x/Ü/
Fig.1. Equivalent current arrows on the Earth’s surface. The current
arrows have their origin at the station, where the corresponding magnet-
ic disturbances have been observed. The squares denote negative Z
components. The position of the auroral arc and the rocket trajectory
have been added

situated under the Harang discontinuity region (Harang 1946;
Heppner 1972; see Baumjohann et al. 1980, for SMA signatures
of the Harang discontinuity) and both SMA and all-sky camera
data show the signatures of substorm activity. After the passage
of a westward travelling surge around 2000 UT the aurora intensif-
ied again and after 2010 UT formed a large spiral which broke
up at 2013 UT. Later, the aurora became weaker and more diffuse
in the south. At the northern boundary of auroral activity a single
are formed which was located north of the Norwegian coast at
2020 UT (see Fig. 1). This are intensified again at 2026 UT leading
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to another breakup at 2028 UT. Each of the auroral intensifica-
tions was accompanied by a strong enhancement of the westward
electrojet. A compilation of additional observations relevant to
this event has been given elsewhere (Wilhelm 1980).

In summary, the payload FIB traversed an area of diffuse auro-
ral forms near the Harang discontinuity shortly after the launch.
Between 235 and 275 s after launch it traversed an auroral arc
located in the westward electrojet region.

Calculation of Ionospheric Conductivities
from Measured Electron Density and Temperature Profiles

Using suitable models for the neutral atmospheric densities, it is
possible to compute ionospheric electrical conductivities from
measured electron density (Ne) and temperature (Tc) profiles. The
altitude dependent Hall (0H) and Pedersen (0P) conductivities are
defined by the well-known expressions (neglecting ion—electron
collisions):

2

Nee(
a): mi

)a)O'H— B î+vî
—

coi2+vi2
(1)

Nee(
coeve wivi

)
0' =P B wî+vî coiz+vi2

where e is the electron charge, B is the magnetic field magnitude,
wi‚e=eB/mi‚e is the ion (or electron) gyrofrequency, mm is the‘ion
(or electron) mass and vi,e is the ion (or electron) neutral collision
frequency. The collision frequencies may be calculated as follows
(note that only Te was measured and thus a Ti-independent ex-
pression for vi has to be used):

v,=1.5x10-17 M Te
v,=4.2x10-16M (2)
where M is the number of neutrals (Bostrom 1973; Jones and
Rees 1973).

The Ne and Te profiles which have been measured by a retard-
ing potential analyzer (plasma experiment TF4; see Table 1)
during the flight FIB are displayed in Figs. 2 and 3. In both figures
a pronounced difference between the upleg and downleg profiles
can be noted. These differences can be explained by the fact that
the payload entered regions with different auroral activity and
probably left the auroral oval at about 660 s after launch (2026 UT).
At this moment, the electron fluxes observed by the spectrometer
TL7 (see Table I) fell below the instrument threshold, supporting
the assumption of polar cap conditions after 2026 UT, since in
the polar cap only electrons below 1keV precipitate (polar rain,
Winningham et al. 1975; Heelis et al. in press 1980). Such electrons
do not reach altitudes below 150 km (Rees 1963), a fact that may
explain the extremely low electron densities after 2026 UT and
below 200 km altitude.

The minima and maxima in the upleg Te profile are related
to strong spatial and partially also to temporal variations of the
ionospheric conditions. A comparison with the all-sky camera
photographs reveals that the rocket traversed a diffuse auroral
patch near 2016 UT and was located between this patch and an
auroral are after 2017 UT. Hence, the 7; maximum between 75
and 1003 after launch is probably related to the auroral patch,
while the high electron temperatures around 2503 after launch
(2019—2929 UT) coincide with the auroral are crossing (Fig. I).
Also plotted in Fig. 3 is a model Te profile as given by Jones and
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Rees (1973) for the night-time auroral zone. The significant differ-
ence between this profile and the measured ones indicates that one
has to be careful in using model Te profiles for estimating ve in
Eq. (2). Model Te values must nevertheless be used in this study
for the upleg profile below 120 km, since no Te measurements
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were possible during this part of the flight (before the third stage
burned out).

Similarly the electron density could not be measured below
120 km on the upleg profile. Hence, we had to assume N6 values
between 90 and 120 km. Two possibilities are indicated in Fig. 2.
The dashed curve was drawn with the assumption that the mea-
sured electron density at 120 km is the maximum value (a) while
the dotted line represents an increase of Ne below 120 km to a
maximum of 6 >< 105 electrons/cm3 at 105 km altitude (b). Justifi-
cation for the latter extrapolation (b) may be found in the fact
that similar values have been measured by the Chatanika incoherent
scatter radar for disturbed times (Baron 1972) and in the Ne values
calculated by the second method for a neighbouring region (Fig. 7).

The height—integrated (90—400 km) Hall and Pedersen conducti-
vities calculated from the profiles in Figs. 2 and 3 are as follows:
upleg:

(a) ZH=23 mho Ei: 1.5
[P =15 mho ZP

(b) ZH=46 mho
Z_H=2.721,217t 2P

downleg:

ZH=0.2 mho
è_1.02,. =02 mho 2,,

'—

The height-integrated conductivities and their ratio during the
upleg part of the trajectory are within the range of values given
by other authors for similar auroral conditions (Brekke et al.
1974; Wedde et al. 1977; Horwitz et al. 1978 a, b). Since EH depends
strongly on the electron densities between 90 and 120 km, where
the plasma parameters could not be measured, the calculated
values give only an order of magnitude. The calculated value for
ZP is more reliable since 01> has its maximum at higher altitudes
and only 15 ‘Z, of the total contribution to EP is influenced by the
uncertainty in N6 between 90 and 120 km. Of course, additional
errors could be introduced by temporal and spatial fluctuations.
However, about 70% of the total height-integrated Pedersen
conductivity stems from contributions of GP between 120 and

150 km. The rocket flew through this altitude range within 15 s
covering a horizontal distance of 15km. Accordingly EP=16
i 8 mho seems to be a representative value for the time 2016: 30 UT
and the location xKlz250 km.

The Hall and Pedersen conductivities calculated from the
downleg Ne and 7; profiles are extremely small. This is mainly
caused by the very low electron density measured in the E-layer.
In line with the above arguments, the height-integrated conductivi-
ties given are probably representative for the polar cap region.

Since the payload traversed regions with quite different ion-
ospheric conditions, the height-integrated conductivities along the
trajectory are by no means constant and the method described
yields useful information only in areas where the payload was
within or close to the E-layer. For a more exact calculation of the
height-integrated conductivities along the trajectory, we need, at
least, instantaneous Ne profiles for a number of locations. These
may be calculated by the method given in the next section.

Calculation of Ionospheric Conductivities
from Measured Energetic Particle Spectra

Instantaneous Ne altitude profiles for numerous locations along
the rocket trajectory may be calculated from the measured ener-
getic particle spectra. This is done by computing altitude profiles
of the ionization rate q(h) due to the measured precipitating ener-
getic particles with the methods given by Rees (1963), Eather and
Burrows (1966), and Eather (1970). Below 200 km the Ne profile
is then given by (Rishbeth and Garriott 1969)

Ne(h)=]
/q(h)

0601)
where oc(h) is the altitude dependent recombination coefficient
(we use the values given by Evans et a1. 1977). When substituting
these instantaneous Ne profiles into Eq. (1) instantaneous and
vertical 0H and op altitude profiles can be obtained.

As already indicated, our study goes further than earlier ones
in that we incorporate the contribution of energetic protons to

(3)
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Fig. 4. Representative electron spectra constructed from measurements of the experiments TL6 and TL7. The left and middle spectra have been mea-
sured when the rocket traversed diffuse auroral forms near the Harang discontinuity. The right spectrum was measured when the rocket crossed an
auroral are
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Fig. 5. Representative proton spectrum constructed from measurements
of the experiments TZl, TL6, and TK1 made around 125 s after launch

the ionization rates. We have also gone further than earlier studies
by combining spectra measured by particle spectrometers covering
adjacent energy ranges (TL7 and TL6 for electrons; TZl, TL6,
and TK1 for protons; see Table 1) in order to determine the con—
tributions from particles in a wider energy range (0.4—100 keV for
electrons and 1—400 keV for protons as compared to the maximum
16 keV used by Evans et al. 1977). This is important since high-
energy particles penetrate deeper into the ionosphere (especially
into the lower E-layer) and ionize more neutral particles. Their

small number densities compared to particles with energies below,
say, 20 keV can thus be partially balanced by their greater efficiency
in creating ionization. ’

Experiment TL7 measured electron spectra at 152—215 s and
357—442 s after launch with a short sweep time of 1.4 s while at
229—352s the scan time was 46.7 3. Experiment TL6 measured
electron spectra every 0.6 s at 106—280 s after launch, which were
integrated over times of 2.5 and 5.5 s. For those times shown in
Fig. 4 spectra of both experiments are combined. The pitch angle
distributions (not shown here) were also determined and helped to
decide whether isotropic (<80°) or cosine-dependent particle
distributions had to be used in Rees’ algorithm.

The proton spectra are combined from the data obtained by
the experiments TZl, TL6, and TK1 for the interval 100—340 s.
Each of the spectra can be represented by power law functions in
the energy ranges 1—20, 20—200, and 200—400 keV. An example is
given in Fig. 5 for a time of 125 s after launch. For intervals in
which the spectral indices and parameters are rather similar, we
use average spectra. Although the observed proton fluxes were
anisotropic (field—aligned), we decided to employ the ionization
rates given by Eather and Burrows (1966) for isotropic distributions
only. The proton flux measured at 20° pitch angle was taken to
be representative in the interval 0°—60°.

In the following we shall use (average) spectra sampled at
150—300s after launch. During this interval the payload flew at
altitudes above 400 km. Hence, we can assume that the fraction
of energy already deposited by the incident energetic particles is
negligible and that there are hardly any neutral hydrogen atoms to
cause spreading of the proton beam (Eather 1967).

In order to show that the number of precipitating energetic
protons is indeed high enough to ionize a significant number of
neutrals, we compare the integral particle fluxes for energetic
electrons and protons (in the energy range 1—100keV) in Fig. 6.
It is apparent that during the flight F1B the integral proton flux
was unusually strong and always higher than the electron flux.
This is especially significant immediately south of the auroral arc
where the electron fluxes were even below the instrument threshold.
Only when the payload traversed the auroral arc around 250s
after launch and at about xKI=450 km, were the flux levels of
electrons and protons nearly identical (about 109 particles/cm2 5).
Hence, one may conclude that to omit to consider the proton

Fig. 6. Comparison of integral electron and proton fluxes
(1—100 keV). The dashed lines represent averages while the
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contribution would lead to a serious underestimation of the ioniza-
tion rates as well as the electron densities and thus the ionospheric
conductivities.

For a more detailed analysis of the influence of electrons and
protons on the altitude profiles of ionization rate, electron density
and Hall and Pedersen conductivities, we calculate those values
from the electron and proton spectra measured near 1525 after
launch (the electron spectrum is shown in the left panel of Fig. 4
while the proton spectrum was similar to that displayed in Fig. 5).
The results are displayed in Figs. 7 and 8. It can easily be seen that
the ionization rate and the electron density below 110 km are
dominated by the energetic electron contribution, while above this
altitude the energetic proton contribution prevails. The different
altitude dependence can be explained by the fact that the mean
free path for energetic protons is smaller than that of electrons
having the same energy and hence, on the average, the protons do
not penetrate so deeply into the lower ionosphere. The altitude
dependence is also reflected in the Hall and Pedersen conductivity
profiles: the Pedersen conductivity with its maximum at 130 km
is caused mainly by incident energetic protons while the Hall
conductivity which has its maximum at 100 km height, is dominated
by~the energetic electron contribution.

The same tendency can also be seen in Fig. 9 where we display
the height-integrated Hall and Pedersen conductivities and their
ratio along the rocket trajectory and compare the values calculated
from qe(h) only (left diagram) and from q(h)=qe(h)+qp(h) (right
diagram). This comparison shows that for flight FIB the ionization
by energetic protons cannot be neglected. In particular, both to
the south (215—230 s after launch) and north (> 280 s) of the auroral
arc the height-integrated conductivities are caused mainly by
energetic proton fluxes, which were about 100 times more intense
than the electron fluxes at these locations (Fig. 6). In these areas,
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the height-integrated Hall conductivity is also mainly due to pro-
tons, while otherwise the energetic protons contribute mainly to
the height-integrated Pedersen conductivity, as already shown in
Fig. 8. The fact that about one half of the height-integrated Pedersen
conductivity, but only about 20% of the height-integrated Hall
conductivity, is caused by protons is also reflected in the ZH/ZP
ratios (lower panels in Fig. 9). They range between 1 and 3 when
considering precipitating electrons only and between 1 and 2 when
the additional effects of precipitating protons are taken into
account.

When considering the height-integrated conductivities and their
ratio in relation to the optical aurora and the electrojets (see
above) it seems noteworthy that in the Harang discontinuity,
where diffuse auroral forms have been observed, the calculated
values (ZH=4O mho, Zp=20 mho) are slightly higher than those
given by Horwitz et al. (1978a). The values calculated for times
when the rocket traversed the auroral arc within the westward
electrojet (ZH=48 mho, ZP=22 mho) are comparable to those
given by Evans et al. (1977) and Horwitz et al. (1978a). Finally,
it seems interesting that the EH/EP ratio is always close to 2 in
regions where aurora has been observed and close to 1 outside
these regions (south and north of the arc).

Summary and Conclusions

In Table 2 we summarize the calculated height-integrated conduc-
tivities and their ratio in different latitudinal regions of the high-
latitude ionosphere. The values in the first and last row are calculat-
ed from the measured Ne and 7; profiles (method 1 above) while
the other four are calculated from the energetic particle spectra
(method 2 above). It is apparent that there are strong variations
of the height-integrated conductivities along the rocket trajectory
which can only be resolved when using the second method. Since
additional atmospheric model parameters (e.g., recombination
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Fig. 9. Height-integrated conductivities and ZH/ZP ratio along a part of the rocket trajectory. The values in the left diagram are calculated from the
electron spectra only, while in the right diagram electron and proton contributions are taken into account

Table 2. Average conductivities for the different regions traversed by the rocket

xKI [km] Aurora Electrojet EH [mho] ZP [mho] ZH/ZP Method
used

~ 250 Diffuse auroral forms Harang discontinuity ~ 35 16 ~ 2 1
280—330 Diffuse auroral forms Harang discontinuity 4O 22 1.8 2
330—420 No aurora Westward electrojet 20 19 1.1 2
420—460 Auroral arc Westward electrojet 48 22 2.2 2
460—500 No aurora Westward electrojet? 9 11 0.8 2

~ 700 No aurora Polar cap? 0.2 0.2 1.0 1

coefficients) have to be used for the electron density calculations
in method 2, it is probably less accurate than method 1. However,
a comparison of the values given in the first two rows of Table 2,
which are representative of closely neighbouring regions and the
same geophysical conditions but are calculated by the two different
methods, shows that both methods yield nearly the same results.
A comparison of these values with the corresponding ones in the
left diagram of Fig. 9 shows that a neglect of the energetic proton
contribution in method 2 results in an under—estimation of the
conductivities and the height-integrated Pedersen conductivity in
particular, at least for conditions with high proton fluxes.
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Introduction

It is still an unresolved question whether the convection cells
connected with lithospheric plate motion are restricted to the upper
mantle or involve the whole mantle. In the last few years a number
of papers have appeared which favor whole mantle convection
because: the viscosity of the lower mantle seems to be only low
or moderate (Davies 1977); it can explain large-scale heterogeneities
in the lower mantle (O’Connell 1977); it can explain the D”-layer
as a thermal boundary layer of whole mantle convection (El-
sasser et al. 1979); it ensures reasonably high temperatures in
the upper mantle (Kopitzke 1979).

The opponents of whole mantle convection argue that the
temperature would be too low at the core-mantle boundary (Jean-
102 and Richter 1979) or they deal with the stress distribution
and seismic energy release in descending plates above the seismic
cutoff at 720 km depth (Richter 1979). Formerly it was often
assumed that high rigidity of the lower mantle or the hindering
action of phase transitions would inhibit whole mantle convection.
Now the idea of a chemically heterogenous mantle is preferred.
Some authors consider the 650-km discontinuity to be a pure
chemical change (Liu 1979), or possibly a phase boundary with
a superimposed increase of iron content (Anderson and Jordan
1970), while others exclude any chemical differences (Watt and
O’Connell 1978). Geochemical arguments may also support differ-
ent chemical reservoirs in the mantle (O’Nions et al. 1979). Sammis
(1976) found by marginal stability analysis that convection in
separated layers is the prefered mode, if the density difference
is more than 0.1%. However, since mantle convection is vigorous
and far from the marginal stability case, it is likely that the limit
must be higher. Because the viscosity of the lower mantle can
hardly be assumed to be extremely high, two separate layers of
convection in the upper and lower mantle must develop if there
is a substantial chemical boundary.

In order to investigate the dynamics and temperature distribu-
tion of two-layer mantle convection, such a boundary is introduced
into a dynamical finite element model of convection.

* Former name: U. Kopitzke

0340-062X/81/0049/0082/$01.00

Model Design

A detailed description of the model is given elsewhere (Kopitzke
1979, hereafter cited as paper 1 ; Christensen 1980, paper 2). Bicubic
and biquadratic spline functions with Ritz-Rayleigh and upwind
finite element techniques are used to evaluate the steady state
flow and temperature field. Position-dependent viscosity, thermal
diffusivity and expansivity, as well as inner heat production, bot-
tom heat flux, frictional heating and adiabatic gradient are in—
cluded. An advantage of this model is the realistic simulation
of the upper thermal boundary layer which behaves mechanically
and thermally like a nearly rigid lithospheric plate. The depth
of the (plane) model is restricted to 1,750 km, in order to adjust
the volume of the cell to the volume of a spherical sector of
same surface area and 2,900 km depth extent. By slight variations
of the Rayleigh-number (which is in the order of 107), the overturn
time of the model lithosphere is made to equal the mean overturn
time in the earth’s plate system. This ensures realistic simulation
of the heat balance in the mantle.

The chosen viscosity distribution exhibits a maximum of> 102 5P
on top of the lithosphere, a minimum of lOZlP at 200 km, rises
again with increasing depth, reaching 1023P at 500 km, and remains
fairly constant (about 4- 1023P) in the lower mantle. Weak zones
at the active margins of the lithosphere ensure its plate-like behav-
ior (paper 1). The chemical boundary at2650 km depth is repre-
sented by a point-chain, as in a previous investigation, where
a phase boundary was modelled (paper 2). However, its depth
is not controlled by temperature as in the case of phase transition,
but it is shifted up or down by material flow perpendicular to
the boundary. There is a negative feed-back on the flow because
of the buoyancy forces associated with boundary distortion, and
usually steady state with zero flux through the dividing line is
achieved (for a detailed description of buoyancy calculation in
the finite element scheme see paper 2).

Results

In the first model the whole density increase at the 650—km discon-
tinuity (A p/p=lO°/o) is assumed to be due to chemical change,
according to the petrological model of Liu (1979) with pure perovs-
kite in the lower mantle. The initial temperature distribution was
chosen in order to establish two cells with opposite circulation
in the upper and lower mantle. Steady state was attained easily
by iteration; the results are demonstrated in Figs.l and 2. The
upper cell looks very similar to a previous model with upper
mantle convection only and a no-slip lower boundary (paper 1),
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in terms of the flow as well as the temperature distribution. In
the lower cell the flow is slower than in the upper one — l cm/a
maximum velocity compared to 2.2 cm/a plate velocity and up
to 10 cm/a in the ascending current beneath the Spreading center.
The temperature distribution in the lithosphere is in accordance
with current estimates (about 1,100°C at its bottom), however,
below the plate discrepancies occur. The mean temperature at
the depth of the olivine—spine] transition (3’70 km) is 1,060Ü C —
too far below the temperature estimates of 1400G C deduced from

spreading center. Slight traces of these waves can also be seen
in the first model (Fig. 1). It seems possible that smaller lumps
({10 km) of the heavy material can be torn off and transported
to the surface by the fast rising flow in the spreading axis, provided
that the chemical density difference is only a few percent.

In a third experiment the chemical boundary was suddenly
_ removed from the first model after steady state had been estab-

lished. Immediately the descending plate penetrated the lower
mantle and soon the separate lower cell was completely super-
ceded by whole mantle convection. Thus the two-layer mode of
convection seems extremely inferior without. chemical hetero-
geneity.

Lastly, the experiment was carried out in reverse: a chemical
boundary (Ap/p=10%) was introduced into a steady state whole
mantle convection cell. Two separate layers of convection devel-
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oped, the direction of plate motion was the same as before, how-
ever, the circulation in the lower cell was anticlockwise at the
beginning, just as in the upper cell — in the opposite sense to
the first model in Fig. 1. During this stage, the distortion of
the chemical boundary was rather high — its depth varied by
up to 180 km over the length of the cell. Yet the lower cell was
not stable, a third ‘embryo cell’ with clockwise rotation appeared
in the lower mantle and gradually superseded the other one. Final-
ly everthing became the same as in Fig. 1.

Conclusions

1. Provided the viscosity in the lower mantle is not much higher
than 1024P (which is unlikely), a chemical boundary seems neces-
sary for two-layer convection.

2. Two-layer convection can easily produce temperatures at
its lowermost boundary, which are in the range of current estimates
of the temperature at the core-mantle boundary (Stacey 1977),
whereas the whole mantle model displays considerably lower ones.
However, as discussed in paper 1, the latter is very probably
due to several model idealizations.

3. It seems difficult for two-layer convection (as well as for
upper mantle convection alone) to yield reasonable high tempera-
tures in the upper mantle, while the whole mantle model was
successful (paper 1). However, it is possible that special model
assumptions or idealizations are responsible.

4. The very vigorous thermal boundary layer between the two
cells would have a striking influence on a number of physical
properties: seismic velocities (only moderate influence) and Q-
factor, electrical conductivity, viscosity. For example: if Sammis
et a1. (1977) are right, and the activity energy for creep does
not increase by more than 10 kcal/mol at the seismic discontinui-
ties in the mantle, the viscosity would decrease by 8 orders of
magnitude from the top to the bottom of the boundary layer.
Temperatures as high as 2,800° C at 800 km depth would probably
cause extensive partial or total melting. However, the temperature
difference through the layer may be smaller than in the model,
due to a smaller amount of heat sources in the lower mantle
and core or due to higher velocity in the boundary layer. Further-
more the temperature effect on these properties may by obscured
by the superimposed chemical effect. Nevertheless, if any boundary
layer exists, it is not easy to understand why it has not yet been
detected by its influence on seismic velocity or by the drop in
Q, 11, or a.

5. If the coincidence between this model and the real mantle is
not too weak (due to model idealizations or incorrect assumptions
about model parameters such as viscosity or heat sources), a slight
preference for whole mantle convection can be deduced.
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Book Reviews

H. Stiller und M.-P. Volarovich, editors. Physical Properties of
Rocks and Minerals Under Extreme P,T—Conditions. Akademie-
Verlag: Berlin, 1979, pp. 233, 146 figures, DDR-M 38,——.

This book contains a selection of papers summarising results
obtained by working group 1.11 of the commission of the Acade-
mies of Sciences of Socialist Countries on the complex problem
“Planetary Geophysical Studies”. As is emphasised in many of
the papers, knowledge of the behaviour of rocks and minerals
with increasing pressure and temperature is essential to our under-
standing of many geophysical and geological processes. However,
the title of this book is very misleading: the thermodynamic condi-
tions described are in general P525 kb (or more often 5 15 kb)
and T 5500 °C. In View of the current capabilities of quasi-hydro-
static compression apparatus with internal heating (P~150 kb,
T~1,200 °C) and diamond anvil cells (P~l Mb, or P~260 kb,
T~ 2,000 °C with laser heating) these values can hardly be consid-
ered extreme. The scope of this book is thus limited to properties
relevant to crustal and uppermost mantle processes, and does
not include discussions of mantle phase changes, the nature of
the low velocity zone and its relation to magma generation, or
the lithosphere-asthenosphere boundary. There are also no refer-
ences to shock was studies, which are certainly relevant to extreme
P,T behaviour, nor is there any discussion of anelastic behaviour
such as attenuation, although some determinations of effective
viscosity are included. '

The book is divided into six chapters, as follows:

1 . Elastic Properties

Six papers, including two describing the apparatus used, covering
determinations of ultrasonic velocities and elastic moduli in var-
ious rocks and minerals at pressures up to 15 kb and temperatures
to 400 °C. The sixth paper summarises the results of a number
of studies and applies them to determining lithological models
for the crust in the Ukralnian shield. There is no discussion of
the problems associated with ultrasonic velocity determinations,
especially in small samples, nor is there any reference to Brillouin
scattering techniques.

2. Deformational Studies

This section includes a theoretical analysis of systems of cracks
in a stress field, a study of residual strain in granites under differen-
tial stress, and measurements of physical properties including
strength, velocity and viscosity of various rocks which are then
compared with seismic data for the crust in Armenia.

3. Electrical Properties

The first paper contains much useful information on the resistivity
of upper mantle rocks and minerals (P520 kb, T5650 °C). The
next two describe electrical spectroscopy of second order phase
transitions, and the surface conductivity and polarisation of rocks
at high pressures. Unfortunately there is no detailed discussion

Journal of
Geophysics

of the relationship between high conductivity layers and partial
melting in the light of the experimental results. The final paper,
on the electrical conductivity of MSS structures in the Fe-Ni-S
system, is of relevance to the structure of the earth’s core, but
the range of pressure (< 57 kb) and temperature (< 300 °C) makes
large extrapolations necessary, and there is no reference to other
determinations of the Fe-Ni-S phase diagram to 100 kb or to
the implications of recent shock wave measurements on iron and
iron sulphides.

4. Magnetic and Thermal Properties

Three papers covering the magnetic properties of iron cherts, the
Hopkinson effect in magnetite and titanomagnetite, and the appli-
cation of pulse measuring techniques to determination of thermal
conductivities.

5. Physical Properties of Lunar Rocks

A single paper covering resistivity, thermal expansion, Young’s
modulus and compressibility of several types of rock.

6. Geophysical Consequences and Applications

The first paper contains a formulation describing the effect of
porosity and pressure on wave velocity and its bearing on earth-
quake prediction. The authors address the difficult problem of
the interaction between crack systems, but make no comparison
between their results and those of other theories, and omit a
discussion of the effects of varying crack aspect ratios. The state-
ment that liquid movements are unimportant at pressures over
100 MPa is open to dispute; if true then the dilatancy-diffusion
theory used to explain many precursory effects would not be valid
for depths Z 3 km. The remaining papers discuss the use of labora-
tory measurements in the interpretation of DSS profiles, the con-
nection between high pressure and planetary physics (including
accretion) and a mathematical model for the occurrence of sudden
stepwise phase transformations as an explanation of deep earth-
quake activity.

The scope of the work described here is extremely broad:
unfortunately the individual papers are often too detailed to pro-
vide a clear overview or too general, perhaps because of length
restrictions, to satisfy the specialist. It will mainly be of interest
to those already working in the field of high pressure geophysics,
for whom it provides a useful review of Soviet and eastern Europe-
an literature (references to recent work in America and Japan
are sparse) and those involved in the interpretation of deep electri-
cal or seismic sounding data. Unfortunately the appeal of the
book is lessened by the large number of printing errors, the poor
reproduction of photomicrographs and the quality of the English
which is frequently bad enough to obscure the meaning completely.

S.A. Raikes, Karlsruhe



|00000092||

W.L. Pilant: Elastic Waves in the Earth. Elsevier, Amsterdam
1979.

Bereits beim ersten, oberflächlichen Durchblättern des Buches
bemerkt man, daß der Schwerpunkt dieser Abhandlung über elasti-
sche Wellen bei der theoretischen Formulierung und Erarbeitung
der Seismologie liegt. Das bedeutet jedoch nicht, daß das Buch
vorwiegend nur für die Hand des theoretisch arbeitenden Seismi-
kers zu empfehlen wäre; vielmehr wird hier ein konsequentes theo—
retisches Fundament aufgebaut, mit dem dann auch kompliziertere
Probleme der Seismologie verstanden werden können. Dies theore-
tische Konzept der Seismologie wird streng und didaktisch hervor-
ragend entwickelt, sodaß auch der mehr praktisch orientierte Geo-
physiker ohne Schwierigkeiten den theoretischen Rahmen der Seis-
mologie überschauen kann. Der Autor versteht es, niemals beim
Leser das Gefühl eines Verlustes des Bezugs zur Praxis aufkommen
zu lassen; insbesondere im zweiten Teil des Buches finden sich
zu den Theoretischen Ableitungen passend ausgewählte Anwen-
dungsbeispiele. Besonders geeignet ist das Buch auch zur Verwen-
dung im Rahmen von Vorlesungen über seismische Wellen für
Studenten der Physik bzw. Geophysik; schließlich ist es ja aus
der Vorlesungsreihe des Autors an der University of Pittsburgh
entstanden. Erfreulich auch die Angabe der wichtigsten Original-
veröffentlichungen zu den einzelnen Kapiteln, sodaß der Leser
leicht den Faden aufnehmen kann, wenn er in das eine oder andere
Teilgebiet tiefer eindringen möchte.

Der fachliche Rahmen des Buches beginnt mit der Theorie
der elastischen Wellen, hergeleitet aus der Elastizitätstheorie. Es
folgen Kapitel über das Verhalten von Wellen an Grenzflächen
und an der freien Oberfläche, Strahlentheorie der Seismik (ray
tracing), Mode-theorie, Oberflächenwellen, elastische Wellen in
einer inhomogenen Erde, das Problem der Seismizität, Eigen-
schwingungen des Erdkörpers, Dämpfung seismischer Wellen,
Herdmechanismen, Seismic Noise und abschließend Seismometer—
theorie.

Insgesamt liegt nun hier ein Buch vor, welches für den Studen-
ten, den akademischen Lehrer und den in der Praxis arbeitenden
Seismiker gleichermaßen nützliches Hilfsmittel sein sollte.

L. Engelhard

H. Walter: Vegetation of the Earth and Ecological Systems of
the Geobiosphere. (Translated from the 3rd rev.‚ German edition
by J. Wieser, Heidelberg Science Library, 2nd edition 1979)
124 Figures XX, 274 pages. Soft cover DM 28,—— ; approximately
US $ 15.40, Springer, Berlin Heidelberg New York, ISBN 3-540-
90404-2

The author is well known as editor and writer of textbooks
on general botany, systematics, and ecology in a strict sense. The
title “Vegetation 0f the Earth ” first appeared for a large work
of two volumes (1964 and 1968) which together reached more
than 1,700 pages in the later editions. It has an immense number
of tables, graphs, and photographs, and it gives many details
especially to the geobotanist. To find a synthesis from all of this
in such an excellent way as in the present book called for someone
who overlooks his discipline of science like H. Walter. He had
wone his experience in plant ecology during research journeys
in each climate zone, and floral realm of the earth. This version
of the book invites every kind of geoscientist to read it from
beginning to end. Therefore he gets an excellent idea of the princi-
ples in which ways vegetation plays its role in the different ecologi—
cal systems. Under this respect the division of the books content
resembles strictly the division of the continents into large ecologi-
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cal units (zonobiomes, pedobiomes, and orobiomes). The text is
well illustrated by pictures.

H. Pape, Clausthal—Tellerfeld

Finn Ronne: Antarctica, My Destiny. 278 Seiten, Hastings House,
Publishers, Inc. New York, 1979, US S 12.95

Finn Ronne ist Amerikaner norwegischer Herkunft. Neunmal
besuchte er den antarktischen Kontinent. Er betrachtet seine Bezie-
hung zum ewigen Eis der Antarktis als schicksalshaft. Das ist
nur allzu verständlich. Schon sein Vater Martin Ronne nahm
an zwei Antarktis-Expeditionen teil. Das Zelt, welches Amundsen
im Dezember 1911 am Südpol hinterließ, war von jenem Martin
Ronne gebaut worden und trug in einem eingenähten Etikett die
Namen seiner sieben Kinder, darunter auch den Namen Finn
Ronne. Während Martin Ronne bei der ersten Expedition an Bord
des Versorgungsschiffes blieb, hielt er sich bei der zweiten Expedi-
tion unter der Leitung des Admiral Byrd mehrere Monate in der
Antarktisstation Little America auf. Finn Ronne war zu jener
Zeit als Elektro-Ingenieur in den Vereinigten Staaten tätig. Kurz
vor Beginn einer neuen Antarktis-Expedition unter der Leitung
von Byrd verstarb Martin Ronne unerwartet. Byrd bot daraufhin
Finn Ronne die Mitreise an. Dieser sagte zu und verschrieb sich
damit für den Rest seines Lebens der antarktischen Forschung.

Beginnend mit einem historischen Abriß der Antarktisfor-
schung kommt Ronne auf seine eigenen Antarktis-Expeditionen
zu sprechen. Einen breiten Raum nimmt dabei die Expedition
während des Internationalen Geophysikalischen Jahres
(1956— 1958) ein. Während dieser Zeit war Ronne Kommandant
der amerikanischen Ellsworth—Station.

Ronne versteht es, Erlebnisse und Tatsachen in einer gut ge-
lungenen Mischung auf spannende Weise darzustellen. Bei seiner
ersten Expedition benutzte Ronne als Transportmittel Hunde-
schlitten und Skier. Geheizt wurde mit einem kleinen Kerosinofen.
Später hat Ronne dann die Zeit erlebt, in der in festen Behausun—
gen gewohnt wurde und der Transport weitgehend mit Traktoren
und Flugzeugen durchgeführt wurde. Ronne schildert die techni-
schen Probleme, die vom Hundeschlitten bis zum Flugzeug auftre-
ten können, in fast lehrbuchhafter Weise. Ebenso werden die
menschlichen Probleme, die bei einem engen Zusammenleben der
meist sehr individuell veranlagten Expeditionsteilnehmer in der
Isolation der Antarktis auftreten, lebensnah geschildert. Manch-
mal fast störend — ziehen sich zwei Themen wie ein roter Faden
durch das ganze Buch. Das erste ist eine Kontroverse mit Byrd.
Immer wieder taucht eine heftige Kritik an Byrd, sowohl als
Mensch als auch als Expeditionsleiter, auf. So behauptet Ronne
unter anderem, daß Byrd den Nordpol nie überflogen habe und
führt dafür auch Beweise an. Das zweite Thema ist das Herausstel-
len der eigenen Verdienste um die Antarktis-Forschung. Diese
stark persönlich geprägten Motive brauchten nicht so deutlich
in dem sonst sehr sachlich geschriebenen Buch hervorgehoben
zu werden.

Zusammenfassend ist das Buch sehr zu empfehlen. Zahlreiche
schwarzweiß Fotografien illustrieren den Text. Ein Sach- und Na—
menregister erleichtert das Aufsuchen von Textstellen. Wer dieses
Buch gelesen hat, kann viele geographische Namen der Antarktis
mit Personen und deren Leben verbinden. Besonders geeignet
dürfte das Buch für denjenigen sein, der ohne eigene Erfahrung
in hohen Breiten etwas über die besonderen Probleme arktischer
bzw. antarktischer Forschungsarbeit lernen möchte.

Burkhard Theile
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Steady State Creep of Fine Grain Granite at Partial Melting
F Auer1*, H. Berckhemerl, and G. Oehlschlegel2
1 Institut für Meteorologie und Geophysik, Universität Frankfurt, Frankfurt, Federal Republic of Germany
2 Institut für Mineralogie, Ruhr Universität, Bochum, Federal Republic of Germany

Abstract. Steady state creep under constant stress has been mea-
sured in a fine grain granite (aplite) from Schauinsland, Germany
for the temperature range of partial melting 860°—1,060O C, under
a hydrostatic pressure of 4.2 kbar, and at low shear stresses of
5450 bar. The apparatus used is described briefly. Rheological
measurements are complemented by microscopic investigations.
With a melt fraction of up to about 20 %, creep can be described
by a power law with a stress exponent of 3—4 and an activation
energy of 80 kcal/mole, typical for creep in solids. Above 1,010°C
or 20% melt, the activation energy increases rapidly to a value of
200 kcal/mole simultaneously with a rapid increase of the melt
fraction and a decrease of feldspar content. From the grain structure
and from etching tests it is concluded that quartz contributes
little to the plastic deformation which is governed mainly by the
stress and temperature induced recrystallization of feldspar. The
large temperature dependence of the creep rate above 1,010°C
may be caused by the decreasing area of grain contacts and con—
sequent rise in local stress. These results support those of Arzi
(1974) and Roscoe (1952).

Key words: Steady state creep — Partial melting — High pressure
research

Introduction

The creep behaviour of earth materials in the mantle governs all
deep reaching tectonic processes. Almost no creep measurements
have yet been performed on rocks under high hydrostatic pressure
and at the low shear stresses (0< 100 bar) typical of most parts of
the upper mantle.

* Present affiliation. Battelle Institut, Frankfurt, FRG

Controversial opinions are held and few data are available on the
rheological behaviour of partially molten rocks, in particular.
There is one central question: up to what melt fraction does the
material creep like a solid and when does it begin to behave like
a viscous liquid. Press (1959), Ringwood (1969) and Ritsema (1972)
expressed the opinion that a small percentage of melt is sufficient
to reduce drastically the “strength’ of the upper mantle. The
experimental results of Roscoe (1952), Arzi (1974), and of this
study do not support this theory. Roscoe studied suspensions of
solid particles in viscous fluids and found the transition from solid
to fluid behaviour in the range 20 %—40% melt. Arzi found, in
three successful runs, that the creep behaviour of a granite did
not deviate significantly from the subsolidus behaviour for up to
10 ‘X, melt. However, his samples were water saturated and showed
prescribed fault lines.

In this study an air-dried, fine grain granite (aplite) from Schau-
insland, Black Forest, Germany, is investigated. It is composed of
approximately 50% sericitized plagioclase and orthoclase, 40%
quartz and 10% coarse mica, mainly muscovite and chloritized
biotite. The grain size ranges from 0.5 to 1 mm. Granite has been
chosen for this study for two reasons: First, because melting begins
at relatively low temperature, and second, the melt does not re-
crystallize so that the quenched melt can easily be identified, in
the form of glass, under the microscope.

Experimental Procedure

Figure 1 shows a schematic section through the pressure vessel:
the sample (1) is exposed simultaneously to a hydrostatic gas
pressure p of up to 10 kbars and an axial stress of 1—200 bars. Argon
gas is used as pressure medium. All experiments in this study
were carried out at p=4.2 kbar. Constant axial stress is produced
by a helical spring (2) which is loaded from outside the vessel by
a male screw (7).

Fig. 1. Schematic cross-section of
the 10 kbar pressure vessel. For
description of numbered components
see text

0340-062X/81/0049/0089/3501.00
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The cylindrical specimen, 20 mm long and 9 mm in diameter, is
jacketed with dispersion-strengthened platinum of 0.1 mm wall
thickness. Both ends are closed with platinum caps and welded
pressure-tight. Axial deformation of the specimen is measured
with high resolution by a differential transformer (4) mounted
inside the pressure vessel. A system free of any mechanical friction
is required if measurements are made under small deviatoric stress.
The sample is heated in an internal Pt—Rh furnace (5). The sample
temperature is measured and controlled by a thermocouple (6).
The temperature in the sample varies from the center to the end
by only about 5°C.

The actual measurements begin after the sample has shortened
under pressure, temperature, and moderate axial stress by about
2% in plastic creep. This secures perfect adjustment of the end
faces of piston and sample and reduces drastically the influence
of primary creep on the measurements. The major experimental
problem is that during deformation the platinum jacket frequently
fails. Each sample is carefully checked after the experiment in this
respect.

Results

Creep Experiments

An empirical equation of the form

é=A a" exp(—E/RT) p=const

where ä = creep rate
a =deviatoric stress (bar)
E = activation energy (kcal/mole)
T: temperature (Kelvin)
A = a parameter only weakly temperature dependent
R = gas constant
n = stress exponent
p = hydrostatic pressure

is suitable to describe the steady state creep behaviour of many
materials (Weertman and Weertman 1975). From this equation it
follows:

logé
n = , T: const

log a

dl '
E: —2.3 R dlîî‘e , a=const.

On a 8' (a) plot with double logarithmic scale the stress exponent
n appears as the slope of the experimental curve. Similarly, the
activation energy E can be derived from a semilogarithmic plot of
£3 (l/T), frequently called an Arrhenius plot.

Figure 2 shows the strain rate é as a function of the stress a at
two different temperatures. After raising or lowering the stress
in small steps, constant strain rate was generally reached
(z—lO‘ö—IO‘7 s‘l) after 5—15 min. The duration of individual
measurements was typically about one hour but varied between
half a day and several minutes, depending on strain rate. Mea-
surements were carried out up to a final strain of the sample of
about 10 %. The question of stationarity of creep is a very funda-
mental one and does not refer only to the present measurements
(Paterson 1979). Stationarity requires equilibrium in the micro-
scopic stress field and the distribution of lattice defects. It also
requires chemical and structural equilibrium (with respect to grain
size) corresponding to given p, Tconditions. It is evident that in
this broad sense a steady state is never reached under laboratory
conditions. In the usual restricted sense, however, which excludes
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Fig. 4a—d. Thin sections of aplite in polarized light. a Original aplite; b T: 968° C, 13 ‘Z, melt; c T: 1009° C, 18 ‘Z, melt; d T=

long term transient phenomena, our data can be considered
steady state and are compatible with each other. As an average
over the stress range 5—50 bar a value of n between 3 and 4 is ob-
tained. This value is common for creep in minerals below a re 1 kbar.
The rather large scatter of data is due to the fact that at T=982°C
four different samples, and at T:1,007°C five samples were used.
Although they have all been taken from the same piece of rock, at
equal stress and temperature the strain rate may vary by an order
of magnitude due to mineralogical and mechanical inhomoge-
neities. Measurements from the same sample are marked by
identical symbols.

The strain rates shown in Fig. 3 were obtained at a constant stress
of 0:11 bar while the temperature varied from 860°—l,060° C.
Two different activation energies can be distinguished which take
over near 1,0l0° C. The lower branch corresponds to E1280 kcal/
mole, the upper branch to 1E2 :200 kcal/mole. This means, in
simple terms, that the temperature dependence of the creep rate
increases strongly above 1,0]0° C.

Microscopic Structure

in order to find the cause of the rapid increase of activation energy
at l,0]0°C. the process of partial melting has been investigated
microscopically. Five samples were exposed for three hours each
to a hydrostatic pressure of p=4.2 kbar and temperatures of

.' 4-;

l040° C, 3? ‘X, melt. Q3:
quartz, Fsp=feldspar (plagioclase and orthoclase), Mic=muscovite and chloritized biotite, opaque areas are alteration products of mica, the melt
is isotropic under crossed polarizers

929° C, 968° C, 1,007° C, 1,040° C, and 1,046°C, respectively, at a
deviatoric stress o=0bar. From thin sections (Fig. 4a—d) the
following qualitative statements can be made: At the lowest tem-
perature minerals containing water (muscovite, biotite, chlorite}
begin to disintegrate into a glassy melt and opaque relicts. A seam
of optically isotropic melt develops which broadens with increasing
temperature at the quartz/feldspar grain boundaries. The quartz/
quartz boundary remains unwetted by the melt until higher tem-
peratures are reached. At the highest temperature, it is mainly
quartz which remains unmelted. Locally, more than 50% melt
occurs with Opaque decomposition products of mica (mainly
haematite, some iron-rich opaque melt and iron-silicates} floating
in the melt. The melt is chemically extremely inhomogeneous.

Figure 5 shows the result ofa quantitative evaluation. The cross
section of each rock sample was divided into 1,800 points and
each point classified as melt, quartz, feldspar, coarse mica and its
opaque disintegration products. The melt curve can be extrapolated
to the beginning of partial melting at a temperature of about
870° C. The proportion of melt increases steadily to about 18%
at 1,010° C, where it begins to grow more rapidly at the expense of
feldspar. With further increase of temperature feldspar ultimately
disappears. The quartz fraction remains essentially constant.

In an attempt to gain some information on the microscopic mech-
anisms of plastic deformation at partial melt three samples which
were exposed to a temperature of 1,000°C and 0:0, 8, 25 bar

91



|00000098||

VOI. [o/ol

50'

Melt

30*

91.0

Fsp FSP
17% Plug 0% Plug

Cl
I
I

O

|
I
l
I
|
I
I
I1ox/
I

O
I
I
I
I
I
l———><:1plite at original condition

Fig.5. Mineral composition of aplite at partial melting. squartz,
Mic, opaq=mica and its opaque alteration products, Fspzfeldspar
(plagioclase (plag) and orthoclase), t=duration of measurement

were examined microscopically after being etched with HF. Quartz
crystals showed a considerable dislocation density (approximately
1—3 - 104 etching pits/mmz) these had apparently been introduced
beforehand by Variscan tectonics. There is no significant difference
between the dislocation density in the quartz in the three samples
and in that of the starting material. Apparently quartz does not
contribute much to the plastic deformation but shows rather
rigid or brittle behaviour. In contrast, the feldspar does not fracture.
The sericitic alteration products of the feldspars decompose to
yield clear recrystallized feldspar grains with occasional inclusions
of opaque minerals like haematite. In the course of this process,
the lamellar twinning in feldspars remains unchanged.

Discussion and Conclusions

From Figs. 2 and 5 we conclude that even in the presence of about
200/0 melt the creep deformation of the granite under investigation
follows a power law, characteristic of creep in solids. If we assume
that the intergranular melt has a comparatively low viscosity, the
creep resistance at low to moderate melt fractions is apparently
still controlled by the deformation within grains and at grain
boundaries. This conclusion is also supported by the value of the
activation energy E1 5:580 kcal/mole which is close to that for
creep of several dry, polycrystalline minerals such as quartzite or
enstatolite (Carter 1976).

From microscopic inspection and etching tests, it appears that in
our experiments the quartz grains remain rather brittle and con-
tribute little to the plastic deformation. Although no relevant
experimental data exist, it might be expected from general ex-
perience that recrystallization from partial melt and polygonization
of original sericitized feldspar is compatible with power law creep
(Carter 1976). The step in activation energy at 1,010°C coincides
with the rapid increase of melt and the corresponding reduction of
crystalline feldspar which is supposed to govern the creep process.
An increase in the proportion of melt and the corresponding de-
crease of grain size in the remaining solid matrix reduces the area
of the effective solid grain contacts and, consequently, raises the
local stress which results in a higher creep rate. The increase of
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E may, therefore, be mainly an apparent one reflecting the change
of the solid matrix contact area rather than a new creep mechanism.
Within the range of our experiments, our data support the result
obtained by Arzi (1974) and Roscoe (1952) that somewhere in the
range of 10—30% melt, the ‘rheological critical melt percentage’
(Arzi 1978), a drastical lowering of the effective rock viscosity
occurs. Our experimental set up was not suitable for measurements
in the regime in which creep is fully governed by the relatively
low viscosity of the melt and in which a Newtonian type of creep
has to be expected.

It should be pointed out that a much smaller fraction of melt or
even subsolidus grain boundary relaxation may suffice to influence
drastically the elasticity and the anelastic absorption, and to
produce a low velocity, low Q zone in the mantle (Berckhemer et
al. 1979).

Addenda

After completion of this paper a publication on the experimental
deformation of partially melted granite by van der Molen and
Paterson (1979) appeared. A major conclusion of their extensive
investigations, carried out at higher shear stresses, is that the
critical melt fraction separating granular-framework-controlled
flow behaviour from suspension-like behaviour is deduced to be
approximately 30-35 vol. (X).

Acknowledgements. Thanks are expressed to Professor Florke, Bochum,
and Dr. S. Schmid, Zürich for stimulating discussions. Engineers E.
Aulbach and M. Bruns operated the high pressure apparatus. This research
was supported by the German Research Society as part of the priority
program ‘Geophysical high pressure research’.
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Laboratory Synthesis of Aluminium-Substituted Titanomaghemites
and Their Characteristic Properties

Ö. Özdemir* and W. O’Reilly
Department of Geophysics and Planetary Physics, School of Physics, University of Newcastle upon Tyne, NEl 7RU, Great Britain

Abstract. Sintered polycrystalline specimens of titanomagnetite
containing aluminium, of composition Fe2_6_5 Ti0‚4 A15 O4 and
l-‘e2_4_5 Ti0_6 A15 (520, 0.1, and 0.2) were prepared by the method
of partial self buffering. X-ray and magnetic analysis confirm
that the synthesized materials are single phase spinels. The synthe—
sized material was ball-milled in a high purity methanol slurry
to produce submicron particle sizes and the fine grain material
oxidized in air at temperatures below about 350° C. The
titanomaghemites so produced are single phase spinels over almost
the entire oxidation range. Characteristic properties of the samples
such as Curie temperature and unit cell edge were determined
as an aid in the identification of titanomaghemites in basalts.

Key words: Titanomaghemites — Oxidation — Gravimetry — Curie
temperatures — Mineral identification — Deep sea basalts

Introduction

A large part of the established picture of the history of the Earth’s
crust has come from the information stored in the magnetic miner-
als of the crust. The continuing evolution of the crust has been
traced out in the latest phase of such investigations, the Deep
Sea Drilling Project (DSDP). The fine grain magnetic minerals
produced in quenched submarine basalts should carry a faithful
record of the geomagnetic field. However, submarine weathering
appears to rapidly alter the magnetic minerals and the consequent
modification in their magnetic properties may obscure the palaeo-
magnetic record.

The remanence carriers in almost all igneous rocks are the
titanomagnetites (Fe3 x Tix O4, O<x< 1) and their derivatives.
Naturally occurring titanomagnetites often contain ‘impurity’ cat-
ions. According to the electron microprobe analysis of titanomag-
netites from subaerial basalts, typical impurities are aluminium
and magnesium up to 4% by weight (Creer and Ibbetson 1970).
Other cation species such as manganese, chromium, nickel and
Zinc are also often present. Analysis of titanomagnetites in pillow
basalts from the FAMOUS Rift Valley indicates that the weight
percentage of the aluminium is about 1.5% and that this is the
most abundant minor cation species (Lecaille and Prevot, in press
1980).

The single phase spinel oxidation products of titanomagnetites
are known as titanomaghemites, Fe(3_x)R TixRD3(1—R) O4, R=8/

* Present address. Department of Geology and Geophysics, 108 Pills-
bury Hall, 310 Pillsbury Drive SE, Minneapolis, Minnesota, 55455,
USA

{8+z(1 +x)} and z(0<z< 1) is the degree of oxidation). R may
be considered as simply a parameter of convenience or may be
called the “spinel stoichiometry parameter’ It is equal to the
ratio of the oxygen in the stoichiometric composition to that in
the nonstoichiometric case. For oxidation 1 < R< 8/(9+x). In the
compositional formula R shows the number of cations per spinel
formula unit reducing as they are spread throughout the crystal,
physically enlarged when oxidation takes place by addition of
oxygen. The oxidation process, which is generally referred to as
“maghemitization ”, appears to be especially favoured by the sub-
marine environment.

The laboratory simulation of the maghemitization of titano-
magnetites will provide us with a better understanding of the
magnetic properties of naturally occurring material in the oceanic
crust. Ozima and Sakamoto (1971), Readman and O’Reilly (1972),
and O’Donovan and O’Reilly (1977) studied the magnetic proper-
ties of the cation-deficient products of titanomagnetites which
were oxidized in air. Joshima (1975) presents a brief report of
studies on the effect of aluminium contamination in titanomagne—
tites and titanomaghemites. More recently Ryall and Hall (1979)
have heated submarine basalts in water in the laboratory in order
to study the variation of magnetic properties with oxidation. In
some studies only a limited range of oxidation maintaining the
spinel structure could be achieved.

The purpose of the present study is to prepare synthetic ana—
logues of naturally occurring titanomagnetite and titanomaghe—
mites substituted by aluminium, this being the most abundant
species of cation, other than iron or titanium, in oceanic rocks.
The characteristic properties of the synthetic analogues, such as
lattice parameter and Curie temperature, may then be used for
identification of the magnetic minerals in submarine basalts. An
understanding of the alteration process and its magnetic conse-
quences are necessary for the interpretation of the palaeomagnetic
record and of the anomalies in the geomagnetic field, observed
over the ocean basins, due to the remanence of the basement
rocks. Conversely, magnetic studies of the rocks may be used
to trace out the thermal and chemical evolution of the basement
material.

Experimental Method

The results of the previous investigations of maghemitization —
the characteristic properties of the titanomaghemites produced
and the range of non-stoichiometry attainable — are not in good
agreement. The successful preparation of single phase well-Charac-
terized homogeneous materials is crucial to such investigations.

0340-062X/81/OO49/0093/$01.6O
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The synthesis and characterization procedures adopted in the pres-
ent investigation are therefore described in some detail.

Synthesis of Titanomagnetites

Polycrystalline specimens of six compositions in the systems Fe2.4 -5
A15 Tio 6 O4 (x=0.6, the ATM60 series) and Fez 6 -5 A15 Ti04
O4 (x=0.4 the ATM40 series) (6:0, 0.1 and 0.2 in both cases)
were synthesized by the method of partial self buffering.

The starting materials Fe, TiOz, A1203 and F6203 were
pre-treated before firing. The iron powder was heated in pure
dry hydrogen at 350°C to remove any surface oxide layer The
Fe203 was heated in a stream of dry oxygen at 625°C to oxidize
any Fe2+ ions to Fe3+ A1203 and TiOz were heated in air
for 23 h at 620° C and 30 h at 320° C, respectively, to remove
adsorbed moisture. The stoichiometric mixtures of the powders
were pressed into pellets and placed in a mullite tube which was
evacuated and flushed with argon at a pressure of 200 torr. The
tube was heated at 1,350° C for six hours then the pellets allowed
to cool down to room temperature in 25 h in the furnace. Finally
the material was re-crushed and pelleted and fired at l,350° C
in the mullite tube, this time containing a mixture of 90 vol.%
argon and 10 vol.% COz—CO, in a proportion slightly reducing
with respect to the mixture corresponding to stoichiometry at
the firing temperature.

After each of the two firings the X-ray cell edges were deter-
mined from Debye-Scherrer powder photographs and the Curie
temperatures found from the temperature dependence of initial
volume-susceptibility (Özdemir and O’Reilly 1978). The cell-edges
for the composition 520.10 and 0.2, decreased by a considerable
amount after the second firing. This may be because aluminium
diffusion through the crystalline lattice was only completed after
the second firing and the stoichiometry was improved. The synthe—
sized materials were single phase spinels.

Curie temperature is very sensitive to the degree of high temper-
ature non-stoichiometry and cell edge rather less sensitive. Increas-
ing non-stoichiometry results in a higher Curie temperature and
decreased cell edge. The method of partial self-buffering and two
firings used in the present study produces more highly stoichiomet-
ric material than single firings or total self-buffering. This may
account for differences between the present data and that of Read-
man and O’Reilly (1972) and Richards et a1. (1973). The degree
of non stoichiometry for the TM60 material can be estimated
using the Hauptman (1974) formula. This gives 2:0.028.

Preparation of Fine Grain Titanomagnetites

To prepare the fine particle titanomagnetites, the twice-fired mate-
rials were ground for 16 h in a high purity methanol slurry in
a tungsten carbide ball mill. Then the slurry was gently dried
under an infra-red lamp for half an hour The Curie temperature
and cell-edge parameters were remeasured after ball-milling. The
results are given in Table l The Curie temperatures of the finely
ground samples were found to be slightly higher than the twice-
fired coarse grain samples. This is a result of the oxidation which
invariably takes place during the grinding process. This was con-
firmed by wet—chemical analysis. Values of the oxidation parame-
ter, 2, obtained from the chemical analysis are given in Table 1.

Electron Microscope Observations
of Fine Grain Material

Grain size measurements were made using the transmission elec-
tron microscope. The particle size distribution was determined
from separate grains on the high magnification electron micro-
graphs. The low magnification micrographs showed that the parti—
cles tended to flocculate, due to magnetostatic interactions between
grains, into agglomerates in the size range 0.1—0.4 mm. However
the observations at higher magnification (Fig. 1) show the presence
of separate grains which, together with the small agglomerates
within which separate grains could be distinguished, allowed an
attempt to determine the grain size distribution. Because of the
tendency to flocculate, only 103 separated grains were measured
from four micrographs, projected through a photographic en-
larger. The grain size distribution is shown as a histogram in
Fig 2a. The grain size was found to be about 300i70 A. How-
ever, this value can only be approximate when the small number
of grains counted is taken into account. Readman and O’Reilly
(1970) produced fine grain material by a similar technique and
the mean crystal size from X—ray line broadening appeared to
be about 400 A.

The shape of grains was not equidimensional as expected. Ap-
parently the ball milling produces irregular shapes although the
particles are rounded. An attempt has been made to determine
the ratio of the smallest (dB) to the largest diameter (dA) on the
grains counted. The results are shown in the histogram of Fig. 2b.
The mean value of the distribution was found to be 0.66
TL 0.11.

Table l. Cell edge, Curie temperature and initial oxidation parameters for finely ground samples of the ATM40 and ATM60 series

Compo- Chemical analysis Curie‘l Cell edgeb X-ray
sition temperature a (A) densities

Fe2 + % Fe2 + % z Tc (°C) (gm/cm3)
(Stoichiometric, (Experimental)
theoretical)

Fez 6 -5 A15 Tio 4 O4 O 34.48 29.49 i004 0.14: 0.03 363 8.459 i0.005 4.925
0.10 34.92 28.75i0.04 0.18i0.03 325 8.448i0.007 4.982
0.20 35.38 30.06i0.04 0.15i0.03 270 8.435i0.006 5.080

Fez 4_5 A15 Tio 6 O4 0 39.40 34.13 i 0.04 0.13 i 0.04 206 8.486 i 0.006 4.839
0.10 39.91 33.89i0.04 0.15i0.03 148 8473450006 4.908
0.20 40.43 34.14i0.08 0.16i0.07 102 8.462i0.006 4.981

a The samples were heated in sealed evacuated silica capsules for TC measurements to prevent oxidation
° The cell parameters were derived from Guinier de Wolff powder pictures
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Fig. 1. Electron micrograph of a fine grain titanomagnetite sample show-
ing isolated grains and small agglomerates

Preparation of Titanomaghemites

The same technique was used to prepare the titanomaghemites
as described by Readman and O’Reilly (1970) for unsubstituted
titanomaghemite and O’Donovan and O’Reilly (1977) for magne-
sium substituted compositions. Samples of the finely ground titan—
omagnetite were oxidized by heating in air in a Stanton Massflow
thermobalance. The instrument consists of a precision air-damped
analytical balance with electric weight loading. The standard tube
furnace is counterbalanced by its own low voltage transformer
and may be raised or lowered over the charge. A chart recorder
provides simultaneous recording of weight change and tempera-
ture.

The oxidation experiments were carried out in two Stages:
(i) First. straight runs were made in which specimens (1 gm) were
heated at a constant rate to about 900° C. The derivatives of
such weight-temperature curves are DTG curves. The DTG curves
for the ATM60 series are given Fig. 3. The curves of all samples
show two peaks or can at least be fitted by two independent

peaks. The lower temperature peak. which is centered at about
250° C. is the higher. The second. less definite. peak occurs at
about 350° C. This has been attributed to the limited availability
for oxidation of Fe2+ in the tetrahedral sites of the structure
(O’Donovan and O‘Reilly 197?). The various parameters (onset
of weight gain. position and height of peaks. end of weight gain.
relative areas under the inferred peaks) of the curves change syste-
matically with composition within each of the two series. The
parameters of the DTG curves are listed in Table 2.

X-ray powder pictures of the products of the straight DTG
runs were made using a Guinier de Wolff camera for the ATM-40
samples. The samples heated to high temperatures {say 900° C)
show mixed phases. consisting of a rhombohedral (haematite) and
a Ti—rich phase (pseudobrookite). The samples of ATM-40 (6:0.1)
heated between temperatures 100°—550° C show spinel and rhom-
bohedral phases. The cell edge of the spinel phase is 8.348i
0.009 Ä. Heating above 550° C results in a titanium-rich phase
together with haematite.

(ii) Secondly. isothermal runs were made at temperatures below
about 350° C to produce single-phase homogeneous titanomaghc-
mites of the required composition.

Differential thermogravimetric analysis indicates that the oxi-
dation ofthe fine grain titanomagnetite takes place readily between
100°—350° C. Heating above this temperature is expected to result.
in multiphase products.

A starting weight of 1 gm was used in each oxidation experi-
ment. The titanomaghemite samples were prepared by heating
at isotherms between 100° and 350° C in air in the thermobalance
for times of the order of 10 h.

In some of the most highly oxidized compositions very faint
lines due to non-spinel phases were just visible. Because of the
sensitivity of the Guinier de Wolff system the concentration of
the non—spinel phases is considered to be low enough («a few
percent) that the error in the estimated composition of the spinel
phase is negligible and that the observed magnetic properties are
those of the spinel phase only.

The oxidation parameter. c. is defined as the fraction of the
Fe2+ ions in the stoichiometric composition oxidized to Fe“.

Fe2++—§:O—+:Fe°++(l —:)Fe2++%:02‘.

When the desired weight increase was obtained. the sample was
quenched to room temperature by raising the furnace. No weight
increase was found to have taken place during the cooling period.
Before quenching to room temperature the sample was allowed
to come into “equilibrium ‘. i.e.. the rate of weight increase became

(n) (b)
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Fig. 3. Differential thermogravimetric analysis curves for the oxidation
of the ATM6O series in air, showing rate of fractional weight increase
as a function of ascending temperature. The two peaks may corre-
spond, at least in part, to oxidation of Fe2 from the octahedral and
tetrahedral sites of the spinel lattice
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Fig. 4. Location of the synthesized titanomaghemites in the relevant quadrilaterals of the A1203—FeO—TiOrFezO3 quaternary tetrahedron

undetectably small. This gave a definite final weight and also
promoted homogeneity in the specimen by annealing at the iso-
therm.

The oxidation parameter 2 was calculated from the observed
weight increase during the oxidation by z=(Am-]W)/{8-m(1+x)}
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where Am is the observed weight increase, m is the constant start—
ing weight (taken after the adsorbed water or other volatiles were
driven off), M and x are the molecular weight and composition
parameter respectively.

The initial z parameter for the samples produced by ball-milling
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Table 2. Parameters of the thermogravimetric analysis for the ATM40 and ATM60 series

Sample Onset of weight gain Positions of the peaks

weight loss constant weight Position of the Low temperature High temperature
(mgm) (gm) DTG curve

Maximum Relative Maximum Relative
weight change area weight change area
(mgm/gm/min) (mgm/gm/min)

TM40 2.2 0.9981 0.32 0.12° ° . 0.23(20°—120o C) (120°—125o C) 130 430 C
at 250° C 0 68

at 350° C
ATM40/10 4.1 0.9965 0.3 0.12° ° .73 0.33(5:01 (20°—120° C) (120°—130o C) 130 450 C

at 245° C O
at 330o C

0.14
ATM40/20 3.5 0.9967 0.32 at 340° C° ° . .7 0.33(5:0.2 (20°—120° C) (120°—l30O C) 130 460 C

at 250° C O 5
0.08
at 400° C

TM60 2.8 0.9982 0.32 0.18° ° . 0.37(20°—95° C) (95°—105° C) 100 450 C
at 230° C O 65

at 330° C
ATM60/10 3.2 0.997 0.32 0.15° ° 0.63 0.35(5:0.1 (20°—130o C) (130° C) 120 470 C

at 250° C at 350° C
ATM60/20 3.8 0.9964 0.32 0.13°— ° ‚ . 0.32(5:0.2 (20°—130° C) (130° C) 140 500 C

at 260° C O 60
at 370° C

Table 3. X-ray cell edge and Curie and inversion temperatures of the oxidized ATM60 series. An asterisk indicates
faint haematite lines in the X—ray powder picture estimated at a few percent

z Cell edge (Ä) TC (°C) T, (°C) Tc (heating) (°C) TC (cooling) (°C)
Oxidation G—de-W camera (Titano- (Inversion (First stage (Second stage
degree maghemite) temperature) inversion product) inversion product)

0.13 8.486 206 — — —
0.20 8.472 299 323 567 463
0.29 8.464 320 333 560 513

Ö :0 0.43 8.452 360 370 554 531
0.56 8.436 367 377 568 562
0.65 8.408 375 381 582 561
0.8 8380* 423 437 598 578
0.9 8.351 * 438 458 595 580

0.15 8.473 147 — — —
0.22 8.476 236 290 520 393
0.32 8.465 271 293 539 463

(520.1 0.41 8.459 304 325 571 464
0.59 8.417 317 360 555 536
0.74 8.376* 368 434 573 558
0.85 8.356 * 384 464 562 544

0.16 8.462 102 — — —
0.25 8.459 198 253 532 397
0.35 8.455 242 268 573 459

(5:0.2 0.47 8.446 261 299 557 467
0.59 8.394 275 360 570 521
0.73 8.352 * 326 442 580 512
0.87 8330* 373 367 464 521

was determined by wet—chemical analysis. The wet chemically de-
termined initial values are adopted and gravimetry used to monitor
Changes in degree of oxidation. Therefore the quoted z values
of Tables 3 and 4 are determined by a combination of thermogravi-
metric and wet—chemical analysis.

The location of the fine grain aluminium-substituted titano—
maghemites (oxidized ATM40 and ATM60 series) in the relevant

Thermomagnetic Properties — Curie Temperatures and Inversion

quadrilaterals of the Al3—FeO—TiOZ—Fe203 quaternary tetra-
hedron are shown in Fig. 4.

The metastable non-stoichiometric titanomaghemites ‘invert’
without change in bulk chemical composition when heated above
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Table 4. X-ray cell edge and Curie and inversion temperatures of the oxidized ATM40 series. An asterisk indicates
faint haematite lines in the X-ray powder picture estimated at a few percent

2 Cell edge (À) T. (°C) T, (°C) T. (cooling) MF/M,
Oxidation G—de-W camera Titano- (Inversion (Final inver-
degree maghemite temperature) sion product)

0.14 8.459 363 — — —
0.25 8.437 410 250 410 1.08
0.37 8.413 440 250 424 1.11

(320 0.54 8.385 450 290 435 1.28
0.65 8.376 470 300 453 1.43
0.79 8.362* 475 300 455 1.58
0.90 8.339* — — — ——

0.18 8.448 325 — — —
0.31 8.418 402 250 400 1.16
0.39 8.409 404 280 392 1.12

à=0.1 0.054 8.389 420 260 410 1.36
0.62 8.382 424 290 402 1.77
0.84 8.349* 440 280 420 1.82
0.89 8.339 * 460 260 450 2.11

0.15 8.435 270 — — —
0.28 8.418 359 300 348 1.45

6:02 0.41 8.412 380 300 326 1.19
0.55 8.369 395 300 334 1.17
0.67 8.345 420 300 350 1.67
0.90 8.325* 430, 580 280, 320 308, 610 1.8

about 350° C (or at lower temperatures under increased pressure).
The simplest case is the inversion of maghemite to haematite.
The inversion products of titanomaghemites are generally multi—
phase, one phase being a near stoichiometric Fe2+—containing
spinel (except for 2:1). The high—field thermomagnetic curve of
a titanomaghemite therefore shows a rise in magnetization at tem-
peratures of about 350° C. This may be obscured if the Curie
point ofthe titanomaghemite lies above this temperature. Continu-
ation of the thermomagnetic run to higher temperatures reveals
the Curie temperature of the first-formed magnetic inversion prod-
uct. Inversion seems to be a two—stage process, however, and
the Curie point of the (final) inversion product found on the
cooling run is often lower than that of the first formed magnetic
phase. The saturation magnetization of the final assemblage is
generally higher than that of the starting titanomaghemite.

In the present investigation the temperature dependence of
magnetic properties was studied using three instruments — a suscep-
tibility bridge, a magnetic balance and a vibrating sample magnet-
ometer (VSM). The first instrument measures initial susceptibility.
This property is not necessarily easily related to the concentration
of a magnetic phase but usually shows a sharp peak just below
the Curie temperature. Difficulties also arise if inversion starts
before the Curie temperature of the titanomaghemite is reached.
The second instrument measures high field magnetization. This
property is simply related to the concentration of a magnetic
phase. The transition at the Curie point is less sharply defined
in this case and a convention has to be adopted for defining
the Curie point. However, a “virtual” Curie point, lying above
or near the inversion temperature can be estimated by extrapola-
tion. The inversion is also unambiguously revealed by the rise
(or fall in the case of small x and high Z values) in magnetization.
The third instrument (VSM) can also be used to measure high
field magnetization usually during the process of recording hystere-
sis loops as a function of temperature. A high temperature VSM
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run would therefore normally require a much slower rate of tem-
perature increase than runs on a bridge or a balance, and the
sample would spend a longer time at each temperature.

The Curie temperatures of the ATM60 series, being generally
below about 400° C, could be determined from runs on the suscep—
tibility bridge. The Curie temperatures, so determined, of the
ATM60 series are listed in Table 3 together with the Curie temper-
atures of the first-formed and final inversion products and the
inversion temperatures. However these latter are believed to be
overestimated perhaps because the susceptibility is not a good
indicator of inversion.

The susceptibility bridge is unsuitable for metastable samples
with Curie points above about 350° C, such as the ATM40 series.
and these were run on the magnetic balance. The Curie tempera-
tures, inversion temperatures and Curie temperatures of the final
inversion product are given in Table 4. Also given in the table
are the ratios (Mp/MI) of the magnetization of the inverted materi—
al after completing the run to that of the starting titanomaghemite.

Some of the ATM60 samples were run on the high temperature
VSM. The titanomaghemite Curie temperatures obtained in this
way are similar to those from the susceptibility bridge. The inver-
sion temperatures were however lower, in the range 300°—350° C

Identification
of Naturally Occurring Titanomaghemites

It is a tradition to plot the Curie temperature, unit cell edge
and saturation magnetization as contours on the FCO—F6203
Ti02 ternary diagram since the pioneering work of Akimoto et
a1. (1957). Ozima and Sakamoto (1971), Readman and O’Reilly
(1972), and O’Donovan and O’Reilly (1977) have presented char-
acteristic properties for cation-deficient spinels in the titanomaghe—
mite quadrilateral or subsystems containing magnesium. The cell
edge and Curie temperature data for the aluminium-substituted



|00000105||

Fe2 LT'O-LA'O .2OI.\ \

Fe2 6"0 LOI.

\ Fez LT‘o LAlOZOI. 7

"’r\\

FeZGT'OLOL7

Fig. 5. Contours of constant unit cell edge
(determined using a Guinier de Wolff
camera) for the synthesized
titanomaghemites

Fe2 LT'0 501. Fe2 LT '0 601. 8

FE'21."01.""0201.

WNW

\Munor0201.7

Fe'zs'04 04 Fe20"0./.1.7

F922T'06A'0 2;

fl J80

\ Fe2 2"06A'0 201. 8 Fig. 6. Contours of constant Curie
temperature for the synthesized

WÆE \ titanomaghemites
Fe2 LT'O 60L FeZLT'OBOL a

A

2.0 — /
MF /MI /

/ Fig. 7. The ratios (Mp/M1) of the magnetization of

1-8 _ f
. c1

inverted titanomaghemites (of different x values and
A /

/ / substituted cations) after heating to about 700° C in
/ q] . A /

/ a magnetic balance (in times of the order of 1 h) to
1.6 _ /

/
Q) / the magnetization of the initial titanomaghemites,

/ /
/ plotted against degree of maghemitization, z. The data

D /
/ .

o / / are from Table 4 and from O’Donovan and O’Reilly
1.4 —

l/o ‘ I A / (1977).(Composition parameters: open circles,
/ / triangles, and squares correspond to x=0.4; x=0.6,/ ° / 6(Mg)=0.25; x=0.4, 5(Al)=0.2 respectively; Solid

1-2 —- O / A g / . ./ / D Circles, triangles, and squares correspond to x206,
/A/ o 3/ A ô(Mg)=O.15;x=O.4,ô(Al)=0.l,x=O.6,

1.0 ci =4 / 1 I 1 I ô(Mg)=0.05 respectively)
0 0.2 0.4 0.6 0-8 1.0

OXIDATION PARAMETER Z

synthetic titanomaghemites of the present investigation are shown
in contour form in Figs. 5 and 6.

The use of any single technique (e.g., the measurement of
Curie temperature) does not unambiguously identify a magnetic
mineral. At least two methods are needed to narrow down the
compositional field, within which a mineral may lie, to a useful
range. The intersection of Curie temperature and cell edge con-
tours serves this function but the latter property may be difficult
to measure, requiring extraction of the magnetic phase. In the
case of the fine grain titanomaghemites in DSDP basalts the pro-
longed pulverization needed to achieve an adequate degree of
refinement may indeed lead to alteration in the minerals them-
selves. The inversion of titanomaghemites qualitatively indicates
their presence and may also provide a quantitative measure of
the degree of non-stoichiometry. A single thermomagnetic run
may therefore contain enough information to provide at least
a first approximation to the composition of a titanomaghemite.
Such a run will provide (i) the Curie temperature of the univerted

titanomaghemite, (ii) the Curie temperature of the inversion pro-
duct, and (iii) the ratio (Mp/MI) of the magnetization of the inver-
sion product to that of titanomaghemite. All three are functions
of the composition coordinates (x,z) of the titanomaghemite.
However the inversion process would have to be better understood
before it could be put to such a use. The MF/M, ratios of Table
4 and data from O’Donovan and O’Reilly (1977) who studied
Mg substituted titanomaghemites are plotted against oxidation
parameter, in Fig. 7. Although there is some scatter in the
data the general trend is clear. The reason for the scatter may
lie in the different heating rates which might be employed in
runs on a magnetic balance, for example, although an hour might
be a typical heating time. It may be that inversion proceeds in
a different way or is incomplete depending on the time available.
Indeed MF/M, ratios as high as about 5 were found for some
samples of the TM60 series run in the high temperature VSM
(for the order of a day). For this reason we have not combined
the data of Table 4 with Fig. 4 to produce contours of MF/M,,

‘7
“a
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and the Curie temperature of the inversion product. A standard
inversion procedure would have to be worked out before the inver-
sion phenomenon could be used for quantitative determination
of titanomaghemite composition.

Conclusions

The magnetic properties of basalts recovered from the submarine
basement provide an important means of investigating both the
history of the geomagnetic field and the evolution of the Earth’s
crust. The determination of the physical and chemical state of
the remanence-carrying magnetic minerals is a necessity in either
case. The present study provides characteristic data on synthetic
analogues of the magnetic minerals believed to occur in submarine
basalts. Such data should be useful in tracing out the petrological
history of the basement rocks.
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Densities and Magnetic Susceptibilities of Precambrian Rocks
of Different Metamorphic Grade (Southern Indian Shield)
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Abstract. Densities of 1294 Precambrian rocks from the Southern
1ndian Shield, confined to low-grade granite-greenstone (Kama—
taka) and high-grade granulite (Eastern Ghats Belt) terrains are
presented and categorized into 16 metamorphic and igneous varie-
ties. In Karnataka, densities of granites (2.65 g/cm3), gneisses
(2.68 g/cm 3) and granodiorites (2.73 g/cm 3) are considerably less
than those of greenstone belts (2.84 g/cm3) and dolerites (3.03
g/cm 3’). An average density of 2.75 g/cm5 is obtained for surface
rocks from this terrain. Over the Eastern Ghats belt, densities
of charnockites range from 2.71 g/cm3 to 3.12 g/cm3 as they
vary from acidic to ultrabasic composition. An average density
of 2.85 g/cm3 is obtained for surface rocks from this belt. The
contrast in the average densities of surface rocks from the low-
and high-grade terrains may play a significant role in a proper
assessment of the regional gravity fields over these terrains. The
results compare well with the data from similar terrains in other
shield regions. Magnetic susceptibilities for 482 of these samples
are also presented. A11 the rock types include a wide range of
susceptibilities, as is to be anticipated in metamorphic terrains.
A plot of density versus magnetic susceptibility for thirteen of
these rock types suggests a linear relationship.

Key words: Densities — Magnetic susceptibilities — Precambrian
metamorphic terrains

Introduction

The two—fold classification of shield areas into low-grade green-
stone-granite terrains and high-grade granulite terrains is by now
widely known (Windley and Bridgwater 1971). Regional gravity
investigations indicate that these diverse metamorphic terrains are
usually characterized by gravity fields which are mutually distin-
guishable (Gibb and Thomas 1976; Subrahmanyam 1978). While
the long-wavelength components of these gravity fields are often
attributed to deep-seated crustal and upper mantle inhomogenei-
ties, the local anomalies are generally accounted for by near surface
lithologies and their surface distribution. Thus, the interpretation
of local gravity anomalies in crystalline areas requires adequate
knowledge of the densities of the various exposed metamorphic
and igneous rocks over the terrains. This point has been stressed
by Marshall and Narain (1954), Woollard (1962), Gibb (1968),
and Smithson (1971), among others. Density data for various
rock types from the crystalline terrain are important, not only
for interpreting the gravity anomalies, but also for estimating
the mean density and composition of the crust in different parts
of the continents.

Precambrian rocks in the Southern Indian Shield occur in
both the low- and high-grade metamorphic environments, confined
to the provinces of Karnataka, Bastar and the surrounding Eastern
Ghats Belt (Fig. 1). While Karnataka and Bastar constitute the
low-grade terrains of the shield, the Eastern Ghats Belt belongs
to granulite facies metamorphism. The present study is a compila—
tion and presentation of the density and susceptibility data for
various rocks from these terrains. The significance and implication
of the density data for a proper assessment of gravity fields asso-
ciated with the metamorphic terrains in shield areas will also
be discussed.

The metamorphic rocks involved in the present study range
from greenschist to granulite facies. Similarly, the igneous intrusive
rocks range from acidic to ultrabasic. Major rock types include
metasedimentary—metavolcanic sequences (Archaean schists), bio-
tite and hornblende gneisses, granites, granodiorites. amphibolites,
dolerites, migmatites of uncertain origin, anorthosites, granulite
facies gneisses, acid to ultrabasic charnockites, khondalites and
other minor varieties. While a reasonable amount of data is avail—
able for schists, gneisses, and granites from Karnataka (Qureshy
et a1. 1967), data for rocks from the high-grade Eastern Ghats
Belt are very meagre.

During the course of gravity and magnetic surveys by one
of the authors over these metamorphic terrains (Subrahmanyam
1978), about 655 fresh rock samples were collected. Their densities
(and susceptibilities for 482 samples) were measured in the labora-
tory. These data are supplemented with density data already pub—
lished for another 639 samples (Balakrishna and Ramana 1968;
Balakrishna et a1. 1968, 1971, Qureshy et a1. 1967) and the results
are presented here.

Sampling and Distribution

In general. rock samples were collected from outcrops situated
near gravity and magnetic stations. Samples for which data were
published earlier (639 samples) also cover all the important litho-
logic formations in the Southern Indian Shield. Special attention
has been paid to charnockites and other granulite facies rocks
from the high-grade Eastern Ghats Belt as little data have been
available from this province uptill now.

Density Measurements

Laboratory density measurements were based on the formula

_ W1
p—

WI—WZ
a
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where p is the density, W1 is the weight of the sample in air,
W2 is weight of the sample in water. All the samples measured
were either igneous or metamorphic rocks having little or no
pore space so the density values obtained are very close to the
actual grain density of the rock. The accuracy of the results is
expected to be within J_r0.02 g/cm3 or about 1%.

Results

The 1294 rock samples have been categorized into sixteen majOr
metamorphic and igneous varieties: these varieties and the density
values are summarised in Table 1. For rock types with sample
numbers exceeding twenty. histograms were also prepared and
are shown in Figs. 2—4. Descriptions of the rock types and the
densities obtained are discussed below, for the low- and high-grade
metamorphic terrains separately.

Rocks from Low-Grade Termins

Granites. The data for granites are mostly from the published work
of Qureshy ct al. [1967) and Balakrishna et al. (1971). In Kama—
taka. these granites intrude both the gneisses and schists. A concen-
tration at 2.60—2.70 g/cm 3 is clearly seen in the histogram (Fig. 2)
with the average value being 2.65 g/cm 3. Like the biotite gneisses.
these granites do not show a wide distribution on the histogram
which probably indicates a uniform composition.
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Fig. 1. Geological map of the Southern Indian
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Table l. Densities of igneous and metamorphic rocks from South India

SI. Rock Type No. Mean SD. Range
No. Samples [8/Cm 3] (gfcm 3) (gfcm 3}

1. Gneisses and 544 2.67 2.54—3.24
granites (undivided)

Low—grade terrain

1. Granites 371 2.65 0.02 2.54—2.83
2. Biotite gneisses 135 2.68 0.05 2.55—2.80
3. Granodiorites ll 2.73 0.03 220—228
4. Archean schists 82 2.84 0.20 2.48—3.35
5. Amphibolites 54 3.01 0.10 2.81—3.35
6. Dolerites 82 3.03 0.0? 2.74—3.19

High-grade terrain

7. Syenites 4 2.66 0.04 2.59—2.70
8. Anorthosites 64 2.85 0.13 2.58 3.28
9. Gneisses 38 2.89 0.11 2.20-3.24

10. Migmatites 21 2.89 0.10 2.20—314
11. Khondalites 25 2.89 0.18 259—333
12. Hornblendites 5 3.21 0.15 3.05—3.47
13. Acid charnockites 140 2.71 0.07 2.57—2.89
14. Intermediate 114 2.78 0.08 2.66---3.l5

charnockites
15. Basic charnockites 124 2.99 0.15 2.67—3.41
16. Ultrabasic 24 3.12 0.13 2843.36

charnockites

Total 1294
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Fig. 2. Density histogram for rocks from Karnataka low—grade terrain

Biotite Gneisses. These are associated with schists, migmatites,
granitic gneisses and amphibolites and are characterised by their
monotonous occurrence and uniform appearance. This is reflected
in the narrow density range of 2.55—2.80 g/cm3. An average value
of 2.68 g/cm3 has been obtained for these rocks. The histogram
(Fig. 2) shows a peak in the range 2.65—2.70 g/cm 3.

Granoa’iorites. Data for only 11 samples could be obtained for
this variety despite their widespread occurrence. The density range
is 2.70—2.78 g/cm3, the mean value 2.73 g/cm3.

Arc/mean Schists. These rocks are abundantly distributed over
the low—grade greenstone-granite terrains and are intruded by
younger K-rich granites. Both were engulfed by a vast gneissic
complex known as the Peninsular Gneiss. The present data are
for rocks from Karnataka province. A mean density of 2.84 g/cm 3
is obtained but with a wide range. In Fig. 2. the histogram shows
two modes, one between 2.45 g/cm3 and 2.70 g/cm3 and the
other between 2.90 and 3.10 g/cm3. The two modes correspond
approximately to the chlorite and hornblende varieties of schist.
Some biotite schists may have been included in the latter variety.
Usually crystalline rocks do not show densities less than 2.6 g/cm3
and the lower densities of 2.48—2.60 g/cm3 in the present data
may be due to weathering of some of the measured samples.

Amphibolz’tes. These occur as enclaves within the gneisses with
width varying from a few centimetres to more than a metre. An
average density of 3.10 g/cm3 is obtained but with a range 2.81—
3.35 g/cm3, which is well illustrated by the histogram (Fig. 2).
This may be due to contamination of the original basic rocks
by later granitization processes.

Dolerites. Karnataka province is noted for widespread occurrence
of dolerite dyke swarms of Precambrian age. An average value

of 3.03 g/cm3 is obtained with a range 2.74~3.19 g/cm3 for these
rocks. But the histogram (Fig. 2) shows a concentration towards
the basic end (2.95—3.15 g/cm 3) with a tail towards the acidic
end.

Rocks from High-Grade Terrains

These are mostly confined to the Eastern Ghats Belt with its
regional granulite-facies metamorphic grade. It is believed that
this belt may represent a deeper crustal domain (Subramaniam
1967) as it is characterized by the widespread distribution of the
charnockite-khondalite suite of rocks, anorthosites, garnetiferous
gneisses, migmatites and other minor varieties. In the present sam-
pling, special attention has been paid to the charnockitic rocks.
The categorisation of charnockites into four varieties, acidic to
ultrabasic (Holland 1900) is retained here. In almost all the rocks,
garnet occurs in variable amounts which to some extent makes
the densities obtained dependent on this factor (Tanner 1969;
Smithson and Brown 1977).

Anorthosites. The anorthosite occurrences are a common charac—
teristic of all the high-grade shield terrains in the world. In the
Eastern Ghats Belt these are reported to occur in nineteen localities
(De 1969; Kanungo and Chetty 1978) but the present data are
from only three of these outcrops. Densities ranging from 2.58—
3.28 g/cm3 with an average of 2.85 g/cm3 have been obtained.
The densities generally increase as the anorthosites tend to gabbro—
ic composition. The histogram (Fig. 3) shows a tail towards the
high density end but a peak near 2.80—2.85 g/cm3 is also seen.
In comparison with data for anorthosites from other continents,
in particular Canada where they generally range from 2.70—2.78
g/cm3 (Gibb 1968; Tanner 1969; Smithson 1971) the average of
2.85 g/Cm3 obtained in the present case appears to be slightly
on the high side. Whether this is due to the inclusion of anortho—
sites which tend to be more gabbroic in composition and are
thus necessarily of higher density, is at present not clear. Based
on density data alone, these rocks could be classified as gabbroic
anorthosites.

Granulite Facies Gneisses. These are associated in the field with
the charnockite-khondalite suite of rocks, migmatites and other
rock types. An average density of 2.89 g/cm3 has been obtained
with a range of 2.70—3.24 g/cm 3. However, the histogram in Fig. 3
shows a concentration between 2.80—3.00 g/cm 3.

Migmatites. As described by Smithson (1971), these are ‘mixed
rocks containing a granitic portion and a darker. more dense
portion’. Variations in density are probably a result of the increase
or decrease of either of these portions. About 21 samples (density
range 2.70—3.14 g/cm3), yield a mean value of 2.89 g/cm3. which
is well illustrated by the histogram (Fig. 3) with a tail towards
the acidic end.

Khona’alites. These are garnet-sillimanite gneisses and schists
which. together with the pyroxene granulites, constitute the base-
ment into which the magma responsible for generation of acid
charnockites has intruded. Compositionally these are similar to
the stronalites of Strona valley in Italy. Khondalites are highly
susceptible to weathering and it is often difficult to obtain a fresh
sample in the field. This factor and the garnet content in these
rocks tend to alter their density values considerably which is re-
flected in their wide density range (2.59—3.33 g/cm 3) shown in
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Fig. 3. Density histogram for rocks from Eastern Ghats high-grade belt

the histogram (Fig. 3). For 25 samples, the average density is
2.89 g/cm3.

Acid Chamockites. According to Holland (1900) these are hyper-
sthene granites having a specific gravity of 2.67 g/cm3, and 75%
silica. Subramaniam (1959) redefined charnockite as a hypersthene
quartz feldspar rock and included in this variety, enderbites, hyper-
sthene syenites, alaskites and leptynites and suggested their mag-
matic origin. In the present analysis, an average density value
of 2.71 g/cm 3 has been obtained, which is very near to that report-
ed by Holland (1900) and well reflected in the histogram (Fig. 4)
by the peaks in the range 2.65—2.75 g/cm3.

From the histogram, it can be seen that for about 20 samples
the densities are on the high side, between 2.80—2.99 g/cm3. This
may be due either to the presence of large amounts of garnet,
known to occur in these rocks, or their intercalations with the
higher density basement rocks (basic charnockites).

Intermediate Charnoekites. These are hybrid rock types formed
by interaction of the magma, which gave rise to the acid charnock-
ites described above, with the basement rocks (Subramaniam 1959).
Several hill ranges in South India are composed of these rocks.
An average density of 2.78 g/cm 3 with a range of 2.65—3.15 g/cm3
has been obtained. The histogram (Fig. 4) indicates a tail towards
the basic end, while the majority of the samples lie in the range
2.70—2.85 g/cm3, probably indicating a uniform composition.

Basie Charnoekiles. Pyroxene granulites and their variants consti—
tuting the basement are classified as basic charnockites (Subraman-
iam 1959). Data for 124 samples yield an average value of 2.99
g/cm 3 but the histogram (Fig. 4) indicates a wide range, 2.67—3.41
g/cm3. Peaks are observed near 3.00 g/cm3 and the average of
2.99 g/cm3 may be a good representative value. For about 15
to 20 samples, the histogram (Fig. 4) shows lower values of 2.65—
2.75 g/cm3. This may be due to contamination of these basement
rocks by acid charnockite magma intrusion.
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Ultrabasie Charme/cites. According to Subramaniam (1960) these
are syntectonic lenses of norite with pyroxenite schleiren occurring
in large masses of charnockite outcrops. A mean density of 3.12
g/cm3 has been obtained for this variety. Fig. 4 shows the histo-
gram.

In addition to the above rocks, 4 samples of syenites have
yielded an average density of 2.66 g/cm3, while 5 samples of
hornblendites gave an average of 3.21 g/cm 3 (Table 1). A compari-
son of the present data from both the low— and high-grade meta-
morphic terrains in the Southern Indian Shield with those from
similar terrains in other shield areas of the world is much in
order as geologically and geochemically these are comparable.
This comparison is presented in Table 2. It is quite obvious that
the data obtained from the present study for various rock types
are in fair agreement with those obtained from other shield areas
of the world.

Density of the Upper Continental Crust

For a proper assessment of the gravity anomalies due to local
geological variations in a given region, at least an approximate
idea of the probable density of the exposed crystalline continental
crust is necessary. Woollard (1962, 1969), arrived at a figure of
2.74 g/cm3 for density of the upper crust instead of the 2.67
g/cm3 which is normally used. On the other hand, Gibb (1968)
suggested that the exposed metamorphic rocks in shield areas
tend to possess an average granodioritic composition as against
the tonalitic composition proposed by Woollard (1962). According
to Gibb the value of 2.67 g/cm3 is more representative of the
average density of surface rocks in shield areas and hence more
suitable for Bouguer reduction in continental areas. Smithson
(1971) analysed density data from widely separated continental
masses like the USA, Antarctica and Europe. His data fall within
the range 2.70-2.79 g/cm3 and more or less confirm Woollard‘s
(1962, 1969) average value of 2.74 g/cm3. Smithson (1971) con-
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Table 2. Mean densities of some metamorphic and igneous rocks

Rock type Present study Woollard (1962) Gibb (1968) Smithson (1971)

N R M N R M N R M N R M

Gneisses and granites 544 2.54—3.24 2.69 117 2.59—3.14 2.74 944 250—278 2.64 58 2.58—2.77 2.70
(Undifferentiated)

Schists 82 2.60—3.35 2.84 51 2.62—3. 14 2.84 25 2.55—2.96 2.73 128 2.59—3.11 2.75
(Undifferentiated)

Amphibolites 54 2.81—3.35 3.01 — — — 132 2.66—3.47 3.01 68 2.85—3.20 3.03
Granulite facies 38 2.70—3.24 2.89 — — — — — —— 13 2.63—3.20 2.86

gneisses
Granodiorites"l 11 2.70—2.78 2.73 — — — — — — — — —
Anorthosites 64 2.58—3.28 2.85 — — — 27 2.63—2.97 2.78 — — —

N: Number of samples; R: Range; M: Mean
" M given by Daly et al. (1966) is 2.72 (N211)

tends that even the so-called granitic terrains do not have mean
density as low as 2.67 g/cm3 which disagrees with Gibb’s (1968)
conclusions. A high-grade granulite terrain (Jotunheim) in central
Norway similar to the Eastern Ghats Belt of the present study,
however, gives an average upper crustal density of 2.86 g/cm3
which is considerably higher than that of the normal upper conti-
nental crust which is either 2.74 g/cm3 or 2.67 g/cm3.

The foregoing data from different continental regions of the
world indicate that substantial variations in mean upper crustal
densities resulting in gravity anomalies of considerable magnitude
do occur. In view of this, a proper assessment of the density
data for rocks from the Southern Indian Shield presented in this
study, is very necessary. This may enable us to arrive at a suitable
value for the mean upper crustal densities for both the low- and
high-grade metamorphic terrains which would be very useful for
better quantitative interpretation of gravity data.

Over the low-grade Karnataka province, the major rock types
are, gneisses, granites, granodiorites, Archean schists, amphibolites
and dolerites. A simple way of obtaining the average density of
the upper crust in Karnataka is to average the densities of all
these rocks. The average density of 735 samples, including all
the varieties, is 2.75 g/cm3. For rocks in Northern Manitoba
in the Canadian Shield, Gibb (1968) however, has obtained the
mean (2.67 g/cm3) by weighing the densities of each rock type
according to their surface distribution. Over Karnataka province,
the more abundant rock types are the gneisses, schists and granites.
The average for 588 samples of these rocks is 2.69 g/cm3 which
is close to that obtained by Gibb (1968). However, it should
be noted from Table 1 that in this averaging, low-density granites
predominate in number (371) over the high-density gneisses and
schists (217) which suggests that the average value of 2.69 g/cm3
is a low estimate. Until the areal distribution of surface rocks
is accurately known, the only way to obtain the mean value is
to average out the densities of all rock types which, as mentioned
earlier, yields a value of 2.75 g/cm3. This value is intermediate
between the high-density schists (2.84 g/cm 3) and the low to medi-
um density granites (2.65 g/cm 3) and the gneisses (2.69 g/cm3),
and could be used as the density for the crystalline basement
in interpretion of gravity anomalies due to local geological varia-
tions over Karnataka province.

A similar analysis could be attempted to obtain the average
Upper crustal density of the Eastern Ghats Belt. Results from
the other shield areas have already indicated that granulite terrains
are made up of high-density rocks and so also possess higher

upper crustal densities (Tanner 1969; Fairhead and Scovell 1976;
Anfiloff and Shaw 1973; Smithson 1971; Subrahmanyam 1978).
Tanner (1969) indicated that the increase in grade of metamor-
phism tends to increase the density by an amount somewhere
in the range 0.05—0.20 g/cm3. Acid to ultrabasic charnockites,
khondalites, granulite facies gneisses, and anorthosites are the
major rock types which constitute the upper crust in the high
grade Eastern Ghats Belt and these may control its upper crustal
density and composition to a large extent. About 550 samples
of the rock types mentioned above give an average density of
2.85 g/cm3. It is interesting to note that Smithson (1971) obtained
nearly the same value (2.86 g/cm 3) for a granulite terrain in Central
Norway. Within this high grade belt. acid charnockites, which
are essentially hypersthene granites, and syenites, have the lowest
values of 2.71 g/cm3 and 2.66 g/cm3 respectively and, as shown
elsewhere (Subrahmanyam 1978), are probably the cause of some
strong local negative anomalies over the southern parts of the
Eastern Ghats Belt.

Thus, the densities of surface rocks from the Southern Indian
Shield suggest a possible density and compositional contrast be-
tween the low- and high-grade metamorphic terrains. The available
data suggest that the upper crustal density contrast may amount
to 0.1 g/cm3 to 0.16 g/cm3, a result which will have a direct
bearing on the quantitative interpretation of gravity anomalies
over these metamorphic terrains.

Susceptibility Measurements

Magnetic susceptibilities (K-values) of various rock types were
determined for 482 of the above samples, using Mooney’s suscepti-
bility bridge apparatus. The rock types included acidic to ultrabas-
ic charnockites, schists, dolerites, amphibolites, low— and high-
grade gneisses, granodiorites, granites, migmatites and khonda-
lites. Table 3 presents these data, where the rock type, number
of samples, mean and range are indicated. A notable feature is
the decrease in susceptibility values of charnockites as they grade
from ultrabasic to acidic varieties. The highest value obtained
is 157079><10"6 SI for ultrabasic charnockites. but in general,
all the rock types show a wide range of susceptibilities (see Table 3),
as might be anticipated for metamorphic rocks. Geological pro-
cesses like deformation,tectonism and metamorphism have strong
effects on the magnetization of rocks (Heiland 1946) so that in
metamorphic rocks. which have been subjected to the above pro-
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Table 3. Magnetic susceptibilities for some metamorphic and igneous
rocks from South India

Sl. Rock Type No. Mean Range
No. Samples K x10“6SI K ><10”6 SI

1. Khondalites 12 1,898 226— 7,401
2. Biotite gneisses 24 3,720 138— 10,317
3. Migmatites 20 7,904 138— 35,186
4. Granites 47 11,020 226— 38,956
5. Acid Charnockites 76 11,385 226— 53,407
6. Granodiorites 10 11,523 226— 28,274
7. Granulite facies 30 15,883 440— 13,823

gneisses
8. Amphibolites 44 18,610 666—103,672
9. Intermediate charno— 76 19,289 226— 85,451

ckites
10. Basic charnockites 83 21,614 220113097
11. Dolerites 28 27,696 892— 99,274
12. Archean schists 25 31,239 226— 87,964
13. Ultrabasic charno- 6 33,640 452—157,079

ckites

Total 482

cesses, the magnetic character or the orientation of the magnetizing
minerals will be highly disturbed and non-uniform. This normally
results in a large scatter of the observed susceptibilities.

Density-Susceptibility Relationship

The density of a rock is primarily dependent on its mineral and
chemical compositions. Henkel (1976) suggested that in acid plu—
tonic rocks the amount of mafic minerals present controls the
density while in basic rocks it is controlled by the amount of
plagioclase. Similarly, Si02 content also has a significant effect
on the density: acidic rocks, high in SiOZ, have low densities
while basic rocks are low in SiOz and have high densities.

The magnetic susceptibility of a rock is significantly controlled
by the magnetite content of that rock (Aravamadhu 1974; Henkel
1976). Aravamadhu (1974) obtained a linear relationship for varia-
tion of susceptibility with percentage by weight of magnetite for
samples of Charnockites and khondalites in the present study area.
Lidiak (1974) observed that the magnetic properties of a rock
depend to a certain extent on their grade of metamorphism and
the degree of oxidation and in general observed an increase in
K— values as the rocks grade from greenschist to granulite facies.

Henkel (1976) studied the correlation between density and mag—
netic susceptibility for Precambrian rocks from northern Sweden
and observed that these, together with the magnetite content in
rocks provide a useful tool for classifying rocks and for investigat-
ing the geological processes behind their formation. For the pres-
ent rocks from South India, the magnetite contents have not been
determined but the covariation of susceptibility with density could
at least be examined.

A plot of density versus susceptibility for thirteen rock types
is shown in Fig. 5.

Excluding Archean schists, migmatites and khondalites, the
remaining rock types exhibit a linear relationship as K-values
increase with increase in densities. One interesting feature for char-
nockites is that the increase in density from acidic to ultrabasic
varieties is also marked by an increase in their K-values. As men-
tioned earlier the SiO2 content decreases from acidic to ultrabasic
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Fig. 5. Diagram showing density-magnetic susceptibility relationship for
Precambrian rocks from the present study area. Numbers indicate the
rock types listed in Table 3

and as can be seen, this is marked by an increase in densities.
Data on the magnetite content of these rocks are not however
available so the effect of this on these relationships cannot be
assessed.

Conclusions

The present density data have demonstrated a significant density
contrast between the upper crusts underlying the low- and high-
grade metamorphic terrains. An average density of 2.75 g/cm3
is obtained for the upper crust in Karnataka geological province
which appears to be nearer to the values suggested by Woollard
(1962), Smithson (1971), and Ramberg (1976). In contrast to this,
the average upper crustal density in the Eastern Ghats Belt is
relatively high (2.85 g/cm 3), which is in agreement with data from
some granulite terrains in other shield areas and, in particular,
the granulite terrain in Central Norway (Smithson 1971).

A linear relationship between density and susceptibility has
been observed for most of the rock types presented in this study.
In general, the susceptibility increases with density. This depen-
dence is more pronounced in chamockites and may be directly
related to the magnetite content of these rocks.

The possibility of determining the average composition of the
upper crust from the average surface densities can be examined.
Gibb’s (1968) estimate of 2.67 g/cm3 closely corresponds with
that of the granodiorite reported by him and he suggested that
in northern Manitoba and Finland the average composition of
surface rocks may be granodioritic rather than tonalitic. However,
even for the small number of samples of granodiorites presented
in this study and also those of Daly et a1. (1966) the densities
are relatively high at 2.73 g/cm3 which is nearer to the value
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of 2.75 g/cm 3 suggested for surface rocks in Karnataka. Incidental-
ly, this value is also nearer to the value of 2.74 g/cm3 suggested
for surface rocks having tonalitic compositions (Woollard 1962).
Thus, from estimates of average densities in the present study,
it was not possible to determine whether the surface rocks have
granodioritic or tonalitic composition. The problem may perhaps
be resolved when more data on granodiorite samples become avail-
able.
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Lithospheric Structure and Teleseismic P-Wave Reflection Delays
Under Fennoscandia and Siberia

Ian CF. Stewart
Department of Physics, Memorial University, St. John’s, Newfoundland, AlB 3X7, Canada

Abstract. Differential (PP—P) travel-time residuals from pub-
lished teleseismic data are used to locate anomalous velocity struc-
ture near reflection points in Fennoscandia and Siberia. Reflec-
tions up to 2 s early correspond to shield areas, such as the Siberian
platform, while later reflections (slower velocity structure), with
positive residuals, tend to occur under less stable areas, such as
the West Siberian lowlands. Exceptionally late reflections (about
2 s positive) in part of the latter region may be related to major
lithosspheric sutures. The reflection delays are generally consistent
with trends observed elsewhere for the residuals of P-waves.

Key words: PP reflections — Lithospheric structure — Seismic veloc-
ity — Travel-time residuals

Introduction

The travel-time delays or residuals of telseismic P-wave reflections
(PP waves) may be used to locate regions of anomalous velocity
structure in the crust and upper mantle near the reflection point,
approximately half-way between the source and receiver. The ef-
fects of structure near the source and receiver can be minimised
by taking differential (PP—P) residuals, where P is the direct
(unreflected) compressional wave (Stewart 1976). Positive (PP—P)
residuals correspond to later reflections than would be expected
from the assumed Earth model used in theoretical travel-time
calculations. Late reflections could be due to slower than normal
velocity structure near the reflection point. For example, a delay
of one second in the PP reflection time would be caused by an
increase in crustal thickness of about 10—15 km compared to aver-
age values elsewhere. The minimum lateral dimension of anomalies
which can be resolved by the PP residuals is of the order of
100 km, which is comparable to the size of the first Fresnel diffrac-
tion zone for reflections at teleseismic distances.

Published data have been used to correlate areas giving abnor-
mal (PP—P) reflection delays with regional tectonic features for
parts of the Arctic ocean and Greenland (Stewart in press 1980).
The extension of the data set into northern Eurasia is considered
here, and it is shown that trends in reflection residuals tend to
be consistent with the known lithospheric structure and with P-
wave residuals observed elsewhere.

Data Analysis

The PP and P-wave travel-time residuals are taken from the Bulle-
tins of the International Seismological Centre (I.S.C.) from 1964

0340-062X/81/0049/0108/$01.40

through 1976. Some of the problems associated with using this
source of data and in analysing the reflection residuals have been
discussed by Stewart (1976 in press 1980). Only phases identified
by the I.S.C. as PP waves are used, to reduce the possibility
of errors arising from incorrect identification of waves by the
seismograph operators. The (PP—P) residuals used in this study
are restricted to the range —8 to +9 S, in order to exclude values
which are likely to be due to incorrect phase identifications or
excessive errors in reading the seismograms. Since genuine reflec-
tion delays may approach these values (Stewart and Keen 1978),
minimal restrictions are placed on the data range used in the
analysis.

The data are given here for two areas, from the Urals wes-
twards, and for Siberia. Most of the data are from earthquakes
in the vicinity of the north-western margin of the Pacific Ocean,
recorded at stations in Europe. For the area west of the Urals,
the values of the (PP—P) residuals in seconds at the reflection
points, averaged over regions l/2° by 2/50 geocentric in area,
are given in Fig. 1 Allowance is made for the focal depth in
calculating the reflection points. In Fig. 1, letters correspond to
negative residuals(early reflections), withA equivalent to —2——l s,
and so on. The number of data used to give each value in Fig. l
is shown in Fig. 2. The data in Fig. 1 and 2 comprise 971 reflections
from 306 events. The data for Siberia are shown in Fig. 3, averaged
as for Fig. l, with the data density indicated in Fig. 4. The area
of this data set partially overlaps that given in Fig. 1, and includes
4055 points from 656 events. Good data coverage is achieved
around 90°E longitude, approximately half-way between most of
the events along the north-west Pacific margin, and the European
seismograph stations.

Although the data can be contoured to show the broad trends
in values, this process tends to smooth out details of residual
variations which may occur at tectonic boundaries. High-order
contour surfaces can show such changes, but tend to be unstable
in areas of lower data density, especially where the noise may
be several seconds in amplitude. Following the procedure used
by Stewart (in press 1980), the lateral variations are shown as
averages along great circle profiles. Points within 21/2 degrees
geocentric of a profile are projected perpendicularly on to the line,
and a running mean within a window of length 3 geocentric
degrees is then taken along the profile. Individual data points are
used in this process, rather than the averaged values shown in
Fig. l and 3.

The locations of the profiles across Fennoscandia and the Rus-
sian Platform are indicated in Fig. 5, which also shows the main
tectonic and bathymetric features. The residual values along the
profiles are given in Fig. 6. Values derived from averages of less
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Fig. 5. The main tectonic features of the area covered
by Fig. 1. The 1000, 2000, and 3000 m isobaths are
also shown. The locations of the profiles along which
reflection residuals are averaged in Fig. 6 are also
indicated

a range of source-receiver geometries. Hence it is unlikely also
that trends in abnormal reflection delays observed in the areas
of better coverage are due entirely to any source or receiver effects
remaining after taking differential (PP—P) residuals. However,
the profiles should be treated with caution in the areas of fewer

The standard deviations of the profile values tend to be in
the range 2—3 s. This is comparable to the standard deviations
observed for residuals at single stations using data from restricted
source regions of the order of 1°—2° across, and may be due
largely to random errors in the data. The statistical significance
of the variations along the profiles may be tested by using a
two-tailed t-test to compare residual values in adjacent areas (Stew-
art in press 1980). The more prominent anomalies tend to be
significant at least at the 95% confidence level. In the areas of
better coverage, variations of only 1 s along the profiles are signifi-
cant at better than the 99% level.

As discussed by Stewart (in press 1980), the features with
shorter wavelengths (a few hundred kilometers) on the profiles
are probably due to structure within the tectosphere. Variations
in residuals with wavelengths of the order of 1,000 km or more
are probably due largely to deeper lateral changes in velocity.
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correspond to those given in Fig. 5

than 10 data points are shown dotted (which only occurs on
Profile 1 in Fig. 5), and averages of less than 20 points are
dashed. For the regions of better data coverage in Fig. 5, up
to about 50 points are averaged to give each profiled value.

The profile locations for the Siberian data are shown in Fig. 7,
and the profiles are given in Fig. 8. A greater density of data
occurs for parts of Siberia compared to the Fennoscandian data,
and hence some sections of the profiles in Fig. 8 represent averages
of more than 400 points.

In the areas which are well covered by reflection points, the
effects of random errors should be minimished by averaging along
the profiles. A given area of reflections may include data from

Romanowicz (1979) suggests that about 70% of the variation
in travel-time delays in North America is caused by lateral hetero-
geneity within 250 km of the surface, although lateral changes
in velocity below Eurasia may be significant down to 700 km
depth (England et a1. 1977).

Profiles in Fennoscandia and the Russian Platform

Much of the Baltic Shield appears to give early reflections, with
residuals up to about 2 s negative (Fig. 6). This is consistent with
observations of direct P-wave arrivals, which tend to be up to
1 3 early in shield areas (Herrin and Taggart 1968). The variations
given here (of the order of 2 s) for reflection residuals in Fennos-
candia are consistent with lateral changes of about 1 s in P—wave
residuals given by Noponen (1977). Similar variations are also
observed by Brown (1973) for P-wave residuals at distances less
than 55°.

For the present data set, few reflections exist in the vicinity
of any of the seismograph stations. Hence the P-wave delays at
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individual stations cannot be compared readily with the (PP—P)
residuals, which are also subject to noise. It should also be noted
that in general there is not good agreement between the various
estimates of P-wave residuals at Scandinavian stations (Enayatol-
lah 1972; Brown 1973; Noponen 1977; Poupinet 1979). Brown
(1973) suggests that the P-wave residuals have large azimuthal
components (up to several seconds in amplitude), which may be
due to a large-scale dipping discontinuity in the mantle at about
600 km depth. The effects of a dipping interface should to some
extent be cancelled out in the reflection residuals, if the boundary
is traversed by both the upgoing and downgoing sections of the
PP ray. The PP travel time may therefore yield the non-azimuthal-
ly dependent residual for the region.

The Bothnian basin tends to give reflection residuals later than
in adjacent areas by about 1 3 (Profiles 2 and 3 in Fig. 6). Local
crustal thickening of the order of 5 km in the vicinity of the
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Gulf of Bothnia and central Sweden (Sellevoll 1973) would delay
reflections by only about 0.2 5. However, in general the data den-
sity in Scandinavia is too low to permit a comparison of the
reflection residuals with localised tectonic features. There appears
to be no consistent correlation of trends in early reflections (high
seismic velocities) with areas of low heat flow in Fennoscandia
or the Russian platform (Cermak and Hurtig 1978).

The density of reflection data varies across the Russian plat-
form, but values tend to be negative over much of the region.
The seismograph stations in the USSR. for which P-wave residu-
als have been published (Herrin and Taggart 1968; Poupinet 1979)
are not located in the areas of good (PP—P) data coverage, and
hence the residuals cannot be compared. Prominent negative re-
flection residuals (up to about 3 s early) coincide with part of
the Volga-Kama shield. This may result from an abnormally thin
low-velocity layer or a cooler than normal upper mantle, perhaps
analogous to the possible “cold spot” in West Africa proposed
by Chapman and Pollack (1974). Although the regional heat flow
may not be exceptional (Kutas et al. 1978), it is possible that
the upper mantle is relatively cool with a Curie isotherm depressed
by up to 20 km in the region ofthe Volga-Kama shield (Belyaevsky
et al. 1973). It is difficult to correlate the relatively few (PP—P)
residuals elsewhere in the Russian platform with major structures
given by Nalivkin (1976) or with relief on the Moho discontinuity
(Belyaevsky et al. 1973). Crustal thickness in the platform may
vary by up to 20 km (Belyaevsky et al. 1973), Which could contrib-
ute more than 1 s to the changes in residual values.

Siberian Profiles

Over much of its length, the Paleozoic geosyncline forming the
Ural mountains is associated with reflection residuals which are
of the order of 1 s negative towards the east, compared to values
which are near zero or even positive towards the west (Fig. 8).
While the Russian platform has an average crustal velocity of
6.5 km s"1 (Beliayevsky et al. 1968), velocities tend to be lower
in the vinicinity of the Urals by up to 0.5 km s‘1 for a given
depth (Alekseev et al. 1973), and the crustal thickness is also in-
creased by perhaps 5 km (Belyaevsky et al. 1973), Velocities of
about 8.0 km 8‘1 below the Moho along the main axis of the
Urals are about 0.2 km s-1 lower than in adjacent regions, and
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Beliayevsky et al. (1968) indicate that velocities as low as 6.8 km s _1
occur under the area of greatest sedimentary thickness, which
may reach 10 km. Thus the observed variations within the lithosp-
here could account for changes in reflection delays of the order
of 2 s. Cermak and Hurtig (1978) also suggest that the temperature
at the Moho under the Urals may be higher by 1000—200O C than
in the platform regions to the west.

From seismic profiling, the boundary of the Urals to the east
may continue under the West Siberian lowlands for up to 100
to 200 km (Beliayevsky et al. 1968), with velocities exceeding
7 km s” 1 at depths of only a few kilometers. Relatively high veloci—
ty material, exceeding 6.4 km 3”, comprises 80% of the crustal
thickness of the eastern Urals (Belyacvskiy et al. 1971). The crustal
variations may account for about 1 s in the negative residuals on
the eastern margin of the Urals. The geology of the Urals has
been interpreted in terms of a former subduction zone dipping
to the east (Hamilton 1970). While high velocities can be observed
in dipping slabs which have become inactive only in the past
few million years (Solomon and Butler 1974), it is unlikely that
any velocity contrast extending below the lithosphere would re—
main from the Urals subduction (Toksoz et al. 1971), especially
if the lithosphere is decoupled from the upper mantle.

Much of the West Siberian lowlands appears to give late reflec-
tions (positive residuals), with localised anomalies up to about
2 s in magnitude (Profiles 6—10 in Fig. 8). If the profiles are ob-
tained by averaging over smaller areas, then the larger anomalies
can even exceed 3 s. The positive residuals generally coincide with
relatively low crustal and upper mantle velocities. Average crustal
velocities in the West Siberian lowlands are 5.8—6.0 km s‘ 1, which
is about 0.5 km s—1 lower than in the adjacent platform areas,
but velocities tend to increase towards the eastern margin of the
lowlands (Belyaevskiy et a1. 1971).

There appears to be no consistent correlation of the residuals
with crustal thickness (Beliayevsky et al. 1968; Vashchilov 1971).
Changes in' crustal parameters alone are unlikely to account for
the larger anomalies exceeding 1 s in Fig. 8. A velocity decrease
of several percent would have to extend vertically over at least
100 km to give the observed late reflections. The later reflection
anomalies are comparable in amplitude to those expected from
observations of P-wave residuals in active rift zones, which are
of the order of l s (Fairhead and Reeves 1977), where reduced
upper mantle velocities and a thinner than normal lithosphere
usually prevail. The later reflections around 70°E longitude may
lie in the vicinity of a Triassic boundary underlying the lowlands,
between the Siberian and Northern European lithospheric blocks
(Burrett 1974). The zone of very late reflections is approximately
bounded on the east by the major Paleozoic suture extending
south from the Ob gulf, postulated by Burke et al. (1977). The
region of the late reflections also underwent widespread volcanism
related to the Urals subduction during the Paleozoic (Hamilton
1970).

The physical properties of the lithosphere appear to vary appre-
ciably across the lowlands, in both the crustal and sub-crustal
layering (Vashchilov 1971). To the south ofthe Ob gulf, the depth
to the top of the asthenosphere may be reduced, which could
imply that the isotherms are elevated in the area. In the region
of the late reflections, a local maximum occurs in the heat flow,
with values of 60—70 mW m7 2 (Kutas et al. 1978). For the eastern
part of the West Siberian lowlands, the heat flow values are typi-
cally less than 50 mW m_ 2 (Jessop et al. 1976). Pollack and Chap-
man (1977a, b) predict a local minimum in the mantle heat flow
under the lowlands, with an abnormally great lithospheric thick-
ness of about 300 km. However, in the region of the late reflections

around 60°N, the temperature at the Moho may be elevated by
perhaps 100°—200O C compared to adjacent areas (Fotiadi et al.
1969). Gravity observations are not available for the area for
comparison with the reflection data.

Much of the Siberian platform is well covered by the present
data set. The platform is separated from the West Siberian low—
lands by the Yenisey foldbelt, which was formed by east-dipping
subduction during the late Precambrian (Hamilton 1970). Early
reflections tend to occur under this foldbelt, and the residuals
become more negative towards the interior of the Siberian plat-
form. This is consistent with observations of P-wave residuals
in shield areas (Poupinet 1979). The residuals in the platform
appear to have no correlation with the thickness of the sedimentary
sequences, which may exceed 6 km in some parts, nor with the
depth to the Moho, which only varies by a few kilometers over
most of the region (Fotiadi et a1. 1978).

Negative residuals occur at the western end of the Paleozoic
Taimyr foldbelt, and become more positive towards the east, where
the crust thickens by several kilometers (Fotiadi et a1. 1978). These
geosynclines continue offshore into the southern Kara sea (Hamil-
ton 1970). Reflections along the Khatanga trough (North Siberian
lowland) vary progressively from about zero in the west to around
2 s negative in the east (Profiles 3 and 4 in Fig. 8). This Mesozoic
trough may have been caused by regional tension (Hamilton 1970),
with more than 3 km of subsidence (Bazanov et al. 1976) and
a crust which may be thinner than adjacent areas by more than
6 km (Fotiadi et al. 1978).

On the eastern continuation of the trough, approximately 20
late reflections occur, which may represent a significant local trend
possibly several hundred kilometers in extent near the Lena river
delta (Profiles 1, 2 and 3 in Fig. 8). If this is a real anomaly,
then the residuals could indicate the location of former hot spot
activity (Stewart and Keen 1978). The Arctic mid-ocean spreading
center (Nansen or Gakkel Ridge) probably continues across the
Laptev sea, through the region of these late reflections, and into
a broad zone of seismicity which extends eastwards from the Verk-
hoyansk foldbelt (Chapman and Solomon 1976). The Khatanga
trough may then be an aulacogen, with the Mesozoic Verkhoyansk
foldbelt and the spreading center as other tectonic features radiat-
ing from a former hot spot. This would be analogous to triple
junctions centered on hot spots in other locations (Burke and
Dewey 1973).

Poupinet (1979) notes that P—wave residuals at Tiksi (71.60 N,
128.9° E), near the Lena delta, tend to be exceptionally
early (—1.5 s). Unfortunately no PP data are plotted in Fig. 3
within at least 100 km of this seismograph station. The late re-
flections giving the positive trends on Profiles 1 to 3 in Fig. 8 tend
to be to the north and west of Tiksi, while the few reflection values
to the south tend to be negative. A hot spot centered possibly
several hundred kilometers from Tiksi would not affect most of
the P-wave residuals observed at that station. Hence the reflection
data are not necessarily inconsistent with this single published
P-wave residual for the region.

Conclusion

The broad variations in the (PP—P) travel—time residuals can
be correlated with the major tectonic features in the areas of
better data coverage, especially Siberia. As expected from directly-
observed P-wave residuals, shield areas such as the Siberian plat-
form tend to give reflections early by about 1—2 s compared to
less stable regions, such as the West Siberian lowlands. The larger
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residuals, which may be several seconds positive or negative (late
or early), probably indicate changes in structure throughout the
lithosphere, and possibly also in the thickness of the asthenosp—
here. An extensive area of late reflections occurs in the central
sections of the West Siberian lowlands, and locally the anomalies
become about 2 8 positive. The region may have been the location
of a major lithospheric suture. The variations observed across
the Paleozoic Ural geosyncline, with residuals changing from posi-
tive in the west to about 1 5 negative towards the cast, are probably
consistent with the known velocity structure of the lithosphere.

Where suitable source-receiver configurations exist, the reflec-
tion residuals enable large areas to be examined more readily
than is possible with directly observed P-wave residuals, particular-
ly in remote regions. While local anomalies of small extent (less
than 100 km across) cannot be observed well by teleseismic PP
waves, larger-scale lateral variations in whole lithospheric and
upper mantle structure can be detected.
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Propagation of Surface Waves in Marine Sediments
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Abstract. In 1977 seismic investigations were carried out on the
shore belt of the North Sea in order to observe slow surface
waves. The water depth was about 1m. Most of the seismic
sections show two wave groups with a mean frequency of 4Hz
and velocities of 100 and 230 ms“ 1. The axial ratios of horizon-
tal to vertical amplitude are 0.5 and 2.3, respectively. Some
seismograms are analysed by multiple filter techniques. By
means of least-squares fits the observed and theoretical group-
velocity curves are compared. It turns out that a simple two-
layer model of the sedimentary sea floor yields reasonable
results with respect to group velocities but not with respect to
the axial ratios of horizontal and vertical amplitudes. This
discrepancy is overcome by introducing an additional near-
surface layer of lower shear-wave velocity. The final model
consists of a water layer (1 m) and three sedimentary layers (3 m,
15 m, 00) with shear-wave velocities of 75 ms‘l, 150 ms”, and
250 ms“ 1, respectively.

Key words: Shear-wave velocities — Marine sediments —
Interface waves — Multiple-filter technique — Model computa-
tions

Introduction

Interest in sedimentary shear-wave velocities has increased con-
siderably during recent years (Essen 1977; Hawker 1979) partic-
ularly with reference to underwater acoustics. Low-velocity
shear waves may be responsible for energy losses in the acoustic
waveguide, and the amount of loss depends strongly on the
shear-wave velocity. Shear-wave velocities in marine sediments
are also of importance in other geophysical problems but there
is still a great lack of measured data. This is due mainly to
experimental difficulties. A detailed discussion of this subject is
given by Hamilton (1976) and will not be repeated here.

In seismology Rayleigh waves, which propagate along the
free surface, are of great importance for determining the elastic
parameters of the upper mantle. Similar methods may be ap-
plied for the measurement of shear-wave velocities in the upper
layers of ocean sediments. Following Cagniard (1962) we call the
surface waves existing at the boundary between a fluid and a
solid Scholte waves, so as to distinguish from Stoneley waves
which propagate along a solid-solid interface.

In the case of homogeneous halfspaces both Rayleigh and
Scholte waves are nondispersive. In the presence of layers,
however, the Rayleigh as well as the Scholte wave splits up into
a finite number of dispersive modes. This effect is important for
the interpretation of the experimental results presented in this
paper

Surface-wave measurements at the sea floor were carried out
with the objective of determining the shear-wave velocities in
the uppermost layers of marine sediments. In order to avoid
underwater measurements, the shore belt was chosen as the
experimental site. Explosives were detonated under low water
cover on a shoal, geophones were mounted on land.

The experimental configuration and results are presented in
the following two sections. It was not possible, using refraction
seismic methods, to construct a clear model of the shear-wave
velocities within the sea floor. It turns out that this difficulty
results from the thinness of the uppermost sedimentary layer.
On the other hand, the seismograms show the features of
trapped surface modes. For this reason a dispersion analysis by
means of multiple filter techniques was performed, and is de-
scribed later. Following this, computations are presented which
attempt to model the shear-wave velocity as a function of depth.

Experimental Configuration

The measurements were carried out in 1977 on the North Sea
coast of the Federal Republic of Germany. Figure 1 shows the
location of the area which was investigated.

Bore holes near the measured profile revealed that the
holocene layer thickness is in the range 15—20m (Barkhausen,
Bundesanstalt für Geowissenschaften und Rohstoffe Hannover,
personal communication 1979). The essential constituents of
the holocene are various sands and clays.

Figure 1 also shows the exact location of the record section
and the positions of shot points and geophones. The shots were
detonated on a shoal over a horizontal range of 1200m with
100 m distance between adjacent points. In order to obtain maxi-
mum energy coupling the explosive charges were placed in flat
holes during ebb-tide and detonated at flood-tide under a water
cover of about 1 m. The size of the charges varied between 3 and
15 kg TNT. Six geophones were set up on the section line on
land. The closest distance between a shot point and geophone
was about 50m. In the first part of the experiment the geo-
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phones were spread over 500 m on the profile line with a spacing
of 100m between adjacent geophones. In the second part the
geophones were placed on a lengthened section line with a
separation of 500 m. extending 1.500 m inland.

Geophones of the Geospace type with three components
were used for the recordings. Their resonant frequency was
7.5 Hz. The data were recorded by FM equipment and teleme-
tered by a UHF link to a central station.

Experimental Results

A total of 62 seismic sections were constructed. Thirty-two
seismic sections were produced in such a way that the 6 geo-
phones were combined with a fixed shotpoint for one section.
For the remaining 30 sections seismograms from different shot-
points and a fixed geophone were combined. Comparisons of
these types of representation showed that phase correlation

between various shots for a fixed geophone delivered consider-
ably better results. The coupling of the geophones with the soft
and silty sand varied greatly. On the other hand. detonation
occurred under relatively homogeneous conditions. since the
charges were always set off near the surface under an approxi-
mately uniform water cover of about l m. The record sections
were drawn separately for each component (Z: vertical. X: in
the direction of profile. Y: perpendicular to profile). As an
example we present the three sections in Figures 2—4 for shot-
points 12—17 and for the fixed geophone G4. The distance range
extends from 0.4 km—0.9 km and the time range runs from Us
(shot break) to 145.

A compressional wave velocity of 1.670: 70 rns 1 was de-
termined for most of the sections. As a result of several in-
vestigations we know that the compressional wave velocity for
moist sand lies in the range of 1.600 ms ‘ to 2.000 ms 1 (Schir-
mer et al. 1979).

The wave designated by 480 ms ' is a refracted wave from a
lower boundary layer. The portion comprising surface waves is
well separated from these refraction events even for small offsets.

117



14-

12.

I'

5 T

—'
T

vii-1
.fi'MW’kr‘Ju-WW“WW

NOD mls
time

[51

II'II
313-13.

'-.
riJI
it}

'i
ll

'l'l'f

h t 229 [al.751—
was

agree/.5).

- Horizontal Component Perpendicular to the Profile i

.‚L
'u"

Wlmw‘flmvhuw

ñ'H'fl'uWnUñ'Jflhfliäfiv'fivn

if

|I

Il"

—14

Ê -12

î _~10

3 3333:3
. - _

060
distance

560460 760
[m]

860 960

Fig. 4. Seismic section {shot points.) 12—17) for the fixed geOphone G4. component perpendicular to profile (Y)

Two velocities result from the many sections:
l: 100:10ms "1

II: 23Üi20 mS—l.

Both are characteristic of the surface waves which were sought,
i.e. the velocities of these surface waves are very low. Particle
motions (hodographs) derived from the seismograms were com—
puted. The following examples are shown:
I: for waves associated with a velocity

of 100 ms‘1 (Fig. 6)
II: for waves associated with a velocity

of 230 ms" l (Fig. 7’),
each presented in the X—Z. Y—Z and X—Y planes. Figure 5
shows the respective seismograms. The particle motion is polaw
rized in the X—Z plane. The smoothness of the curve is
attributed to the fact that the high—frequency portion of the
spectrum is suppressed in the particle motion diagrams. By
means of the hodographs, it was determined that both waves are
of the Rayleigh type. The axial ratio amounted to:
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l: X/Z=0.5 i0.1 (spread 0.33—0.65)
for waves associated with the velocity of 100 ms '

II: X/Z=2.3i0.3 (Spread 1.7—2.6)
for waves associated with the velocity of 230 ms‘ 1.

l

The first case (I) of surface waves involves an ellipse which is
circumscribed clockwise. the second case (11) an ellipse which is
circumscribed counter-clockwise.

Dispersion Analysis

The multiple filter technique is an efficient method of analyzing
multi-mode dispersed signals. In this paper we follow the meth-
od of Dziewonski et al. (1969). The individual seismograms are
filtered by a narrow bandpass at different center frequencies.
This procedure is carried out by multiplying the Fourier-trans!
formed time series with a Gaussian function. From the win-
dowed Spectrum the filtered iii-phase and iii-quadrature seis-
mograms are obtained by inverse Fourier transformation. These
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Fig. fi. Particle motion for the associated velocity of 100 ms ' ' (Z
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scismogram in time domain. section I of Fig. 5)
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Fig.8. Contours of the instaneous amplitude from the vertical com-
ponent of particle velocity at 900m distance. Fig. 2. The contours are
drawn at ldB intervals. and the dots refer to the maxima of the
amplitudes at the chosen center frequencies. Window function. (Dzie-
wonski et al.. 1969):

(AU-(Ul--)) for 0.8-miäwä 1.2-wx-exp (— 100 (
Hun. mi) = (Ü:

Ü else

time series yield the instantaneous amplitudes and phases as a
function of time or propagation velocity. lt may be shown that
the maxima cf the instantaneous amplitudes propagate approxi-
mately with the group velocity.

Figure 8 shows the contoured instantaneous amplitude as a
function of frequency and group velocity from the vertical
velocity component of geophone G4 at 900m distance (Fig. 2).
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Table l. Axial ratios (1:) and phase differences (A (D) of horizontal and
vertical components of particle velocity. as derived from the filtered
seismograms of Figs. 8 and 9

Center 1st mode 2nd mode
frequency
{Hz} z; AGP z: AC1)

3.80 — — 1.0 98°
3.95 —— — 1.3 105°
4.10 — — 1.8 110°
4.25 — — 2.1 113°
4.40 — — 2.2 114°
4.55 0.35 —86° 2.3 113°
4.70 0.35 — 89° 2.1 107°
4.85 0.35 —93° 2.1 100°
5.00 0.40 —95° 2.1 102°
5.15 — — 2.1 110°

The contours are drawn at 1 dB intervals. and the dots refer to
the maxima of the filtered wave-group envelopes at the chosen
center frequencies. As a result. it may be stated that there are at
least two different modes of Rayleigh type. The analysis of
further vertical velocity components at different distances and
from other geOphones yields similar contours. The resolution is
not always as good. but the observed group velocities are the
same. to within about 100/0. This spread is the same as was
obtained from the seismic sections (see previous section) and
may be caused by the inhomogeneity of the sea floor.

The analysis of the velocity component parallel to the profile
yields good agreement with respect to the (higher-velocity) 2nd
mode. but the lst mode can be observed only in the narrow
frequency range 4.5—5.0 Hz (Fig. 9).

In Tablel the axial ratios of horizontal and vertical ampli-
tudes as well as the phase differences of the two components are
presented for those frequencies where wave groups in both
components are observed. A phase difference 21c]? of —90°
corresponds to clockwise and of 90° to counter-clockwise ro—
tation (see next section). Thus, the results are in good agreement
with the hodographs of the previous Chapter.

Figure9 shows a third wave group which is found in the
velocity component perpendicular to the profile. These waves
may correspond to Love modes. Again. inhomogeneity of the
sea floor might be responsible for Love-wave components paral-
lel to the profile. A unique resolution of Love modes is not
possible with our data. The main reason is the low energy of the
velocity component perpendicular to the profile. which also
seems to be influenced by the Rayleigh modes.

Model Calculations

The aim of this chapter is to find a model of shear—wave
velocities in the sedimentary sea floor which allows the propaga-
tion of waves with the observed properties. These can be sum-
marized as follows: the low-velocity part of the observed seis-
mograms shows two different wave groups which propagate
with velocities of about 100 and 230 ms 1 and which are both of
Rayleigh type, and the group velocities as well as the axial ratios
of the particle motion have been obtained by dispersion analysis
for a number of frequencies within the range 3.2—6.8 Hz. Fur-
thermore it is known from borings that the thickness of the
holocene layer is between 15 and 20m at the experimental site.
Thus. a discontinuous change of sedimentary parameters may be
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Fig. 9. Contours of the instantaneous amplitude from the in-line horiz-
ontal component of particle velocity at 900m distance. Fig.3. The
contours are drawn at 1dB intervals. and the dots refer to the maxima
of the amplitudes at the chosen center frequencies. Window function:
same as Fig. 8

expected at this depth which is small compared with the horiz-
ontal propagation ranges of 100 to 2,500m. For this reason the
observed wave groups may be interpreted as trapped modes
within the uppermost sedimentary layer. This assumption is in
accordance with the observed dispersion. i.e., the frequency
dependence of group velocity.

Considering a fixed position of the geophone at the water-
sediment interface the Rayleigh-type modes may be described
by.

u:

OL—äq

N(o))

Z G„(w) 8,1(w) cos {w t — qb„(a)) +3} du)
n: 1

(1)IV(() >
w: Z G„(a))cos{a)t—d)„(a))} do)

1(DL—“ah

with,

(u, w) =particle velocity. in-line horizontal component and
vertical component. respectively

G„(w) =mode amplitudes
gb„(a)) =mode phases
8,,(03) =axial ratios of horizontal to vertical mode amplitudes

In our description we assumed the z-axis pointing upwards. so
that a negative en corresponds to an ellipse which is circum—
scribed clockwise. For comparison with Table l. a difference
of —7r/2 or 775/2 between horizontal and vertical phase means
clockwise or counter-clockwise rotation. respectively.

The experimental results presented show waves. as described
by Eq. (1). propagating along the water-sediment interface. From
theoretical investigations it is known that such waves exist only
for a non-zero shear-wave velocity in the sedimentary sea floor.
As consequence of the measurements it can be assumed that the
shear—wave velocity is smaller than the sound velocity in water.
1.e.,

0<‚ßs<oc„<ocs (2)
with.

aw =sound velocity in water
ßs :shear-wave velocity in the sedimentary sea floor
oc =Compressional-wave velocity in the sedimentary sea floorS
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Considering a sea-floor model of a certain number of homo-
geneous layers of constant depth the group velocity may be
determined theoretically as function of frequency. The simplest
model which allows the propagation of interface waves consists
of a water layer of constant depth overlying a homogeneous
sedimentary halfspace. In this case the dispersion relation in
accordance with Eq. (2) becomes,

(’) A A2.,c“ v. tanh (7.1:) =ps/33'vw(4ms — (1 —v3)2) (3)
with,

c 2 à A c 2 ï’“s=(l—(a..))a Flt-(17.))
and,

h =water depth
pwzdensity of water and sediment, respectively
w f
çr—

— requency
1.1

r =phase velocity

In the two limiting cases,

tanh (Êywh) =0 (no water coverage, Rayleigh waves)

tanh (gywh) =1 (high water coverage, Scholte waves),
c

there is no dispersion, i.e., the phase velocity does not depend on
frequency. Between these cases, where wavelength and water
depth are of the same order of magnitude, the phase velocity
depends on frequency. But computations show that this disper-
sion is weak. It turns out that even for more complicated sea-
floor models, the influence of the water layer is of less impor-
tance. In the case of phase velocities which are small compared
to that of sound in water (c<ocw) the phase velocity is nearly
independent of ocw and as. This result also holds for more
complicated models.

In disagreement with our experimental results, the simple 1-
layer sea-floor model allows the propagation of one mode only.
This problem can be overcome by assuming the shear-wave
velocity to increase with depth. Considering a number of dis-
crete layers the well-known Thomson-Haskell matrix formalism
can be applied in order to compute the dispersion relation, as in
Schwab and Knopoff (1972). It should be noted that the con-
ditions of Eq. (1) are different from usual seismic conditions
where shear-wave velocities (of rocks) exceed the sound velocity
of water.

First computations were carried out with a 2-layer sea-floor
model covered by an additional water layer. As already men—
tioned the depth of the water layer as well as the compressional
velocities of water and sediment have little influence on the
group velocities. The same applies to the densities, within the
reasonable limits known from experience. Thus, there are only
three free parameters in our model: depth of the first sedimen-
tary layer (the second one is a halfspace), and the shear-wave
velocities in the two layers.

A lower limit to the layer depth is determined by the cutoff
frequency of the second mode which should not be higher than
3 8 Hz (Fig. 8). In order to find a good fit to the observed group-
velocities as a function of frequency, the so-called Hedgehog
method is applied. The three free parameters are varied within
the following ranges:

15 m—20m
80 ms“ 1—150ms‘ 1

240 ms‘1—280 ms‘ 1

layer depth (lst layer):
shear-wave velocity (lst layer):
shear-wave velocity (2nd layer):

The theoretical group velocities are compared with the observed
ones by means of a least-squares fit, where the observed values
are represented by the dots in Fig. 8,

Z (ET—13’?) =min (4)
w, UT

with,

at the frequencies a),vT=theoretical group velocities
as defined by Fig. 8.vE = observed group velocities

In this sum the group velocities of both modes are included.
Due to the consideration of relative errors, higher absolute
deviations are allowed for the (faster) second mode as compared
to the first mode. This is in accordance with our observations
which yield approximately the same percentage spread for the
two mode velocities.

It turns out that there is only one well-defined minimum
within the parameter ranges considered. The resolution of our
method is 0.5 m with respect to the layer depth and 5 ms‘ 1 with
respect to the shear—wave velocities. Figure 10 shows the result
of this group-velocity fit and also the corresponding axial ratios
of horizontal and vertical amplitude. The corresponding model
parameters are given in Table 2. Positive w are related to
counter-clockwise rotation and negative on to clockwise rotation

v lms"l

200-

180 F

80 . A 0 100 200
3 I. s 1° _1

2: [ms 1

20“ o ° O o o o. _ H
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10L ° g
n= 3
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—1.0r ":1 "‘55 130 l
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Fig. 10. Theoretical determination of group velocities (v) and axial ratios
of horizontal and vertical amplitude (a) for a two-layer sea-floor model.
The dots refer to the observed values as presented in Fig. 8 and Table 1,
respectively. Model parameters are given in Table 2

Table 2. Parameters of best—fit 2-layer model

Model parameters h[m] p[gcm 3] «[ms‘lj ß[ms‘1]

Covering water layer 1 1 1,500 0
1st sedimentary layer 15.5 1.8 1,700 130
2nd sedimentary layer 00 1.9 1,800 205
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Fig. 11. Theoretical determination of group velocities (v) and axial ratios
of horizontal and vertical amplitude (a) for a 3-layer sea-floor model.
The dots refer to the observed values as presented in Fig. 8 and Table 1,
respectively. Model parameters are given in Table 3

Table 3. Parameters of best-fit 3-layer model

Model parameters h[m] p[gcm 3’] oc[ms‘ 1] ß[ms‘ 1]

Covering water layer 1 1 1,500 0
1st sedimentary layer 3 1.8 1,700 75
2nd sedimentary layer 15 1.8 1,700 150
3rd sedimentary layer 00 1.9 1,800 250

(see Eq. (1)). The agreement of computed and observed group
velocities is good for the first mode but not satisfactory for the
second mode. The same applies to the particle motion where the
direction of rotation as well as the axial ratios for the first mode
are well-predicted by theory, but the axial ratios differ consider-
ably for the second mode. Numerical tests show that this
discrepancy cannot be overcome within the 2—1ayer sea-floor
model. Thus it is necessary to modify the model.

One possibility is to introduce a gradient in the shear-wave
velocity in the first layer, which requires only one more model
parameter. But a number of numerical experiments did not yield
satisfactory results. For this reason a 3-layer model is investi-
gated, which requires two additional model parameters as com-
pared to the 2-layer model.

Equation (4) is used for the 3-1ayer model also, in order to
obtain an optimal fit to group velocities. It turns out that the
discrepancy in second-mode axial ratios may be reduced by
considering a near-surface layer of lower shear-wave velocity. In
this model the agreement of first-mode group velocities may be
maintained and improved for second-mode group velocities.
Figure 11 and Table 3 show the best fitting model. Still the
agreement of computed and observed axial ratios is not optimal,
especially with respect to the second mode. But this deviation
might be explained by the several shortcomings of the experi-
ment, and it is not meaningful to investigate more s0phisticated
models. First of all the sea floor is not homogeneous, and while
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the group velocity is a mean value with respect to the whole
propagation range the particle motion is influenced mainly by
the local constitution of the sea floor. Furthermore variation in
the quality of coupling for the different geophone components in
the sediment may produce errors in the measured axial ratios.

Conclusions

Comparison of the experimental results with model calculations.
shows satisfactory agreement. By means of a relatively simple
model, consisting of three homogeneous layers within the sea
floor, we are able to interpret the propagation velocities and
axial ratios of particle motion including the direction of cir-
cumscription of the ellipses. This is a surprising result becausc
the upper layers of the sea floor are usually not at all homo-
geneous. Borings and sea floor probes in the North Sea shovn
quite large variations of physical parameters such as compres—
sional wave velocity and density. Also our seismic measure-
ments yield different velocities at different ranges within the
same area. For this reason the model presented describes only a
vertically and horizontally averaged shear-wave velocity profile.

The values from 75 ms‘1 to 250 ms‘1 in the region of the
uppermost 20m yield ratios of compressional- to shear-wave
velocity in the range from 21 to 6.5, which agree well with the
measurements of Hamilton et a1. (1970). Our model also com-
pares well with the depth dependence of shear-wave velocities as
reviewed by Hamilton (1976). Our result is of interest with
respect to underwater acoustics as shear-wave velocities of 250
ms‘1 may contribute considerably to low-frequency sound at-
tenuation in shallow water (Essen, 1977).
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Simultaneous Observation of an Intense 65 keV Field-Aligned Proton Beam
and ULF-Waves During a Break-up Event

W. Stüdemann and C.K. Goertz

Max-Planck—Institut fiir Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. Measurements of nearly mono-energetic 65 keV pro-
tons above active auroral forms were obtained on a rocket flight
from Andenes (Norway) on 13 October 1977. Analysis of the
pitch angle distribution of the >30 keV protons and the azi-
muthal anisotropy of the proton fluxes support a model of a
proton beam of finite spatial extent. The particle observations
occur simultaneously with ULF-waves in the frequency range
0.5—5 Hz. The particle distribution function is unstable and
causes an amplification of obliquely propagating Alfvén waves.
We argue that the waves are amplified by resonant interaction
with the proton beam.

Key words: Particle acceleration —— Monoenergetic ions — ULF
waves —- Wave-particle interaction — Break-up phase — Mag-
netospheric substorm

Introduction

The energization of plasmas occuring over auroral arcs is of
great current interest and importance. This region is known to
display the characteristic signatures of field-aligned acceleration
of charged particles, which comprise an important part of the
auroral current system. The mechanism of acceleration is still
controversial simply because there are not enough measure-
ments available to permit us to assess the role of any of the
suggested mechanisms in a quantitative fashion. It is now be-
lieved that acceleration takes place at altitudes in the range ~1—
3 earth radii (RE), i.e., in regions not covered by rocket cam-
paigns (Shawhan et a1. 1978). Measurements made from rockets
can detect (cheaply) the signatures of such acceleration mecha-
nisms and thus provide crucial information for assessing the
importance of particle energization.

In this note we report an especially spectacular case of ion
acceleration which occured during a substorm on 13 October
1977 near auroral arcs. The case reported here is unusual in at
least two ways. Firstly, the ions were found to be accelerated
downwards along the magnetic field and secondly, the energy of
the accelerated ions was of the order of 65 keV.

It has become customary to associate field aligned charged
particle beams with acceleration by electrostatic fields parallel
to the magnetic field. Such fields may exist along wirth others in
double layers or regions of anomalous resistivity. However, the
case reported here of field aligned 65 keV ions cannot be
explained by electrostatic fields because electrons were not
aftected, quite apart from the rather extreme value of 65 kV for a
fled-aligned electrostatic potential. Neither can other mecha-

nisms such as enhanced particle precicipation by pitch angle
scattering, ion-cyclotron heating or betatron acceleration across
field lines explain the observations.

In addition to its spectactular nature and rather puzzling
features the event is characterised by a close temporal asso-
ciation of the ion beam with large amplitude ULF waves. The
waves are most likely to be Alfvén waves confined to a narrow
region in space. Such waves are in fact “kinetic Alfvén waves”
(Hasegawa 1977) which can interact reasonantly with charged
particles. We believe that our measurements are the first evi-
dence from space for such a resonant interaction. Our under-
standing of this process is far from complete. Nevertheless, the
process is significant and may play an important role in the
magnetosphere-ionosphere coupling (Goertz and Boswell 1979).

Instrumentation

Basically, the instrument consists of a solid-state detector
measuring electrons and a solid-state detector telescope for ions
with charge Z 2 1, using a permanent magnetic field to separate
the electrons and the ions. Details of the instrument and the
calibration procedures are described elsewhere (Stiidemann and
Winterhoff in press 1980). The energy ranges covered are 15—200
keV for electrons and 20—300 keV for protons. The energy
resolution was set to 8 keV for the 7 lower energy channels and
increased logarithmically above 80 keV. The system resolution
of the detector-amplifier combination was 7keV full width at
half maximum. The geometric factors for isotropic particle
fluxes are 2- 10‘4 cm2 sr for electrons and 510‘4 cm2 sr for
protons.

The data presented in this paper are taken from two identi-
cal sensor systems which measure at a pitch angle of about 20°
and in the range 60°~100° due to built-in angles of 5° and 80°
with respect to the rocket’s spin axis and a nominal attitude of
200 between the spin axis and the geomagnetic field direction.
The attitude was actively controlled by means of a gyro-based
attitude control system and the actual pitch angle for each
measurement was derived from the on-board magnetometer.

Observations

The payload F3A was launched on 13 October 1977 during a
magnetospheric substorm which commenced at 20:22 UT and
continued in several stages until 23:30 UT The substorm occur-
red during a period of low-level geomagnetic disturbance with
Kp=3-. During the substorm the disturbance in the X-com-
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ponent reached a maximum of 400 nT. Figure l is a magneto-
meter recording taken at the launch site in Andenes, Norway
(McIllwain parameter L=6.2). Prior to the flight of F3A auroral
activity was concentrated in a faint homogeneous arc with a
sharp northern edge moving slowly to the south. The rocket was
launched at 21 :26 UT simultaneously with an intensification of
the arc, a further decrease in the X—component and an increase
in the micropulsation activity. During the first part of the flight
the rocket crossed the bright arc with a maximum intensity of
50 kR in the 5,5??Ä oxygen line approximately 120s after
launch. lt reached the sharp northern edge at about 240 s flight
time. At about 21:31 UT {3003 after launch) auroral break-up
took place with rapid expansion of the aurora to the north.

The observations discussed in this paper were taken in the
time interval 490—570 s flight time when the rocket was magneti—
cally above a region of active discrete auroral luminosity of
more than 20 kR for the 5,577 À oxygen line. Figure 2 presents
the measured electron and proton fluxes at different energies for
this time interval. The data are taken from the sensor system
which is directed nearly parallel to the rocket’s spin axis and
accepts particles having pitch angles around 20°. The arrows on
the vertical axis mark a count rate of 1 count per sampling
interval (0.1 s). The energy spectra of the protons normally
follow a power law. Following the increase of the count-rates at
about 534 s (altitude 460 km) the energy spectrum shows a well
pronounced maximum near 65 keV energy. After 542s the
spectral curve starts to return to its original power law form.
Figure 3 displays the peaked energy spectra for both sensors.
The vertical bars represent the statistical uncertainties and the
horizontal bars give the width of the energy passbands.

In Figure4 the nature of the mono-energetic peak is in-
vestigated further by combining the measurements from two
additional proton instruments on the same payload {courtesy of
Schmidtke and Urban). The left-hand side of Fig. 4 is an exam-
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ple of the normal power-law energy spectrum well before the
observation of the mono-energetic peak. Nearly the same spec-
trum is again measured after the event at about 550 s. The
measurements shown on the right-hand side of Fig. 4 are taken
at the time when the peak was most pronounced. All measure-
ments contained in Fig. 4 cover the pitch angle range 850—100“.
The figure demonstrates that all instruments agree very well
where their energy ranges overlap giving high confidence to the
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observation of the mono-energetic proton peak. At the same time
the pitch angle distributions measured for protons above 30 keV
energy change from a normal distribution to a field-aligned
pitch angle distribution. This transition can be seen in Fig. 5.
Each panel contains data for half a spin rotation from both
sensor systems. Fluxes at pitch angles above :700 stay nearly
constant whereas the flux of precipitated protons increases.

Even at the highest time resolution of the spectral proton
data we cannot detect any velocity dispersion in the data during
the time interval 535—545 s. In contrast. such dispersion is
clearly visible at the end of the previous burst (527—532 s. Fig. 2).
We condude that the intensity variations following 532 5 either
originate from modulations in a region close to the point of
observation or are the effect of spatial gradients in particle
densitites. The first alternative seems unlikely because the elec-
trons are not dramatically affected at this time. thus precluding
any process involving static electric fields. The existence of a
gradient in the proton density is supported by their azimuthal
anisotropy. In Fig. 6 the upper curves represent the count-rates
of the 80O sensor (600—100O pitch angle) at times when the sensor
is looking eastward (crosses) and westward (dots) at the same
pitch angle of 80°. From these curves an anisotropy factor A is
calculated defined as the ratio between the difference in fluxes
seen from the east and the west and the sum of both (Fig. 6.
upper middle part). This anisotropy could be caused either by E
X B-drift (E is electric field, B magnetic) or by density gradients.
Using measured values for the perpendicular electric field of
N 100 mV/m (Grabowsky. private communication) and the mag-
netic field of ~40.000 nT the E >< B drift velocity is of the order
of lkm/s and far too small to account for the observed azi-
muthal anisotropy. Thus the anisotropy is interpreted as beeing
due to a density gradient in the north-south direction (higher
fluxes in the south. A >0). The curves in the lower middle part of
Fig. 6 show the flux of the precipitating proton beam with the
highest time resolution obtainable for reference. During the
steep increase at 536 s and. even more pronounced. during the
decreases following 538 s and 541 s A becomes large. Our in-
terpretation is as follows: The north—going rocket is overtaken

""‘ ""”' ÏOZ—W‘ùr‘T—T—TW—F—rî—ï—T—n‘q’ir—Àa—rw—m—r
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ENERGY (keV)
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Fig. 4. Composition of energy spectra of
all instruments sensitive to positive ions
on the same rocket flight prior to the
observation of the energy peak (left side)
and during the event (right side).
(Courtesy of Urban, University Graz.
and Schmidtke, University Kiel)
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Fig. 5. Pitch angle distribution of protons above 30 keV showing the
transition from a normal distribution prior to 535 s to a well pronounced
field-aligned distribution. For further details see text

by a northwardly expanding region of higher proton precipi-
tation at @536 s. As soon as its northern edge reaches the
position of the rocket the anisotropy factor A drops to zero and
becomes slightly negative. At this time the rocket is inside the
region of enhanced proton precipitation with some indication
that the tendency for A to become negative is caused by the
approach to the southern edge of this narrow region. Thus the
north-south extension. (1'. of the region is estimated to be of the
order of 5km. The northward movement slows down at 538S
and the rocket again leaves the region of high proton pre-
cipitation through its northern boundary (A positive again).

125



|00000132||

FLIGHT F 3A200 —
13 OCT 77 21:26 UT ,__. east looking Sensor II,80°

--—-- west looking E=30 keV
150 _

m
N
O.o a\ 100
m

u.—
U

50 -

O i

0.6
0.4

A 0
-0.4
-O.6
240 ‘

r Energy possbonds of Sensor I‚5°
. fix 4

-
‚11V! — 28-36 keV

200 .4, \_ Il!“ ........... 43-50 keV
‘ ' \.’ l! — 50-58 keV

160 — .- -—~—-- 58-65 keV
V’ _ —-—-- 65-73 keV
F. ----- 73-79 keV
o _\ 120
w 4

u.—
U

530 532 534 536 538 540 542 544 54
Time offer liftoff

Fig. 6. Comparison between proton data with highest time resolution
(0.02 5) available and measurements from the magnetometer (taken from
Klocker and Theile 1979, Fig.2) for the time of observation of the
peaked energy spectrum. Upper part: count-rates of the nearly perpen-
dicular directed sensor in two azimuthal directions 1800 apart for 800
pitch angle particles. Upper middle part: anisotropy factor A (defined in
text) derived from the above curves. Lower middle part: count-rates of
precipitated protons for different energies. Lower part: magnetic field
variations (Bx=north. By=east components of the earth’s magnetic field
vector) after high pass filtering with a cut-off at 0.65 Hz

From these observations we deduce that the rocket enters,
for a short time. a narrow region in which a mono-energetic
proton beam of 65 keV with a field-aligned pitch angle distribu-
tion exists. The width of this region is estimated to be of the
order of a few km. During the time when the rocket is close to
or stays in this region the magnetometer detects ULF waves
with a frequency of a few Hz and an amplitude of @100 nT
(Klocker and Theile 1979). For comparsion the Bx and By
components of the magnetic field are reproduced in the lower
part of Fig. 6.

Discussion

The remarkable temporal (and by implication spatial) asso-
ciation of the field aligned-ion beam and the ULF wave activity
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Fig. 7. Calculated growth rates, y/co, as a function of x=(co/a)0)-tan@
for different values of the Alfvén velocity VA according to the equation
given in the text. The velocity V of the protons in the beam are taken to
be equivalent to 65 keV, the thermal width VO of the beam is taken to be
equivalent to 10 keV. For VA=3-108 cm/s the Alfvén velocity is about
equal to the particle velocity

suggests a physical connection between the two in the sense that
either the waves produce the beam (by non-linear trapping) or
that the beam produces the waves (by amplification). The energy
flux in the beam Pb:8.2 erg/cm2 - s is about equal to the energy
flux in the waves. PW:

b2 b2
P‚:—— V 2—“ 87: g 87:
bzperturbation of magn. field

VA = 11.9 erg/cm2 - s

where we have assumed that the group velocity of the ULF
waves (Vg) is of the order of the Alfvén speed (VA). Thus from an
energetics point of View it is not clear which way the energy is
flowing: from particles to waves or vice-versa. However. the ion-
distribution function shows a well defined peak at 65 keV (not
only the flux) and it is quite unlikely that such a distribution can
be produced by particle trapping. On the other hand such a
distribution is unstable and could give rise to a growth of oblique-
ly propagating Alfvén waves (Fejer and Kan 1968). The resonant
growth rate y of a wave with frequency f= (0/271 and wave vector
k:(k„‚ k) for an ion-beam of velocity V: v VA along the magnetic
field and thermal width V0=v0 VA is given by Fejer and Kan as

m N
Ma): —n”2 —e —” X2(1

_((1—X2)1/2—v3V0

-X2)((1—X2)”2-V)€Xp

where me and m. are the electron and ion masses. X
=w tan Q/wo, tan sl/k”, Nb is the density of the beam and
N0 is the background plasma density. 010 -—-(Q‚.Qe)1/2 is the lower
hybrid frequency. This relation holds for a cold plasma (electron
thermal velocity less than the Alfven velocity). In Fig. 7 we show
the calculated growth rates as a function of X for different
values of VA. We do not know the exact value of the Alfvén
velocity because the average ion mass is not known. The mea-
sured plasma density at the rocket is 2><104 cm”. For a
hydrogen plasma VA is 6,800 km/s. and for an average ion mass
of four atomic masses VA is 3,400 km/s. We see that generally the
maximum growth rate occurs at X2206. Since locally (.00
:9-104 Hz a frequency of 2 Hz is only appreciably amplified
for nearly perpendicular propagation (tan@>1). Furthermore
the path length for the wave-particle interaction must be long
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enough because the growth rates are small due to a ratio
[\s'e/Nezm‘4. However, the waves may have been amplified
further up the field line where wO is less and Nb/Ne is larger.
Nevertheless, an infinitely extended beam (perpendicular to the
magnetic field) will in general amplify higher frequencies than
are observed.

Waves which do not propagate in the finite sized beam for
long enough, i.e., waves not guided exactly along the field, will
be amplified less along their ray-path even though the local
amplification rate in the beam could be larger. As we have
argued above, the beam has a finite width (6125 km). This finite
width is of great importance because the approximate effective
half width of the spatial Fourier spectrum of waves generated in
the beam is

Real/2d
and only waves with frequencies below we will be effectively
guided along the field lines, where we is given by Fejer and Lee
(1967)

1
(me

1/2 C
we=Q.— —)l 2 me. wee-d

Qi Zï 9me
e: elementary charge,
maizelectron, ion mass,
Bzmagn. flux density,
c=speed of light.

Higher frequency waves are not confined to the narrow ion
beam and, although the local growth rate may be larger, the
waves will not stay in the beam long enough to be amplified to
detectable levels. Using appropriate values for dæS km,
N0æ2-104 cm”3, miæ4 m and B=O.44 G, we findproton

we æ 4 Hz.

Thus inside the beam we expect the frequency spectrum to show
a peak near we. Waves above we should be observed outside the
beam presumably at a reduced intensity. Waves below we are
confined to the beam but are amplified less. This is in excellent
agreement with the ULF observations reported by Klocker and
Theile (1979).

It is interesting to note that at the time of observation of the
magnetic ULF waves the electric field instrument on board the
rocket measured large fluctuations of the electric field perpen-
dicular to the earth’s magnetic field. The amplitude of these
fluctuations was of the order of 100 mV/m (Grabowsky. private
communication) and the amplitude of the magnetic fluctuations
are in accordance with the existence of an Alfvén wave.

The question of the ultimate origin of the beam has not been
answered. We can rule out a number of possibilities without
being able to suggest a reasonable explanation. Since the elec-
trons do not show a decrease of intensity simultaneously with
the increase of ions, electrostatic fields parallel to the magnetic
field cannot be responsible for the ion beam. Enhanced pitch
angle scattering into the loss-cone by ion-cyclotron waves in the
magnetosphere would not cause the highly field-aligned beam
observed. Betatron acceleration or ion-cyclotron heating would
increase the perpendicular energy and a field-aligned beam
would not be expected. The only, albeit highly speculative,
suggestion we can make involves kinetic Alfvén waves (Ha-
segawa and Chen 1976; Hasegawa 1977), which at large dis-
tances along the field lines may have accelerated the ions up to
the Alfvén speed. Kinetic Alfvén waves can be produced by drift
wave instabilities and by mode conversion of shear Alfvén waves
at steep gradients of plasma density, say at the plasmapause
(Hasegawa and Chen 1976). Such an acceleration would be the
inverse process of the one we have discussed above.
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Abstract. A high—altitude sounding rocket payload was launched
into an auroral break-up event from the Andoya Rocket Range
on 13 October 1977. The comprehensive experiment complement
of the payload allowed particle and field observations over wide
energy and frequency ranges. In addition, good coverage of the
event was provided by ground-based instrumentation. The payload
encountered at least two well-developed current sheets at the
northern boundary of the auroral activity and westward electrojet
region. In the upward-directed current regimes, with widths of
approximately 10 km and current densities of up to 40 uA m 2,
the charge carriers were, predominantly, precipitating energetic
electrons embedded in a low-density, high-temperature magneto-
spheric plasma. The downward-directed currents, on the other
hand, were accompanied by a high—density, low-temperature plas-
ma. Signatures of the current sheets could also be identified in
the perpendicular electric field as abrupt intensity and direction
variations as well as in spectral modifications of high-energy elec-
tron and proton fluxes.

Key words: Auroral arcs — Field-aligned current sheets

Introduction

The understanding of the complex physical processes leading to
the generation ofauroral displays was significantly advanced when
it became clear that low-altitude acceleration of electrons played
an important röle in the energy and mass transfer above discrete
auroral arcs (Evans 1974; Mende and Shelley 1976; Kaufmann
et a1. 1976; Mizera and Fennell 1977; Raitt and Sojka 1977,
Bryant et a1. 1977; Croley et a1. 1978; Cattell et al. 1979, Wilhelm
1979). Both theoretical considerations and experimental evidence
supported the conclusion that magnetically aligned electric fields
were responsible for the acceleration and subsequent precipitation
ofmagnetospheric electrons into the ionosphere (Swift 1978, 1979;
Kan and Akasofu 1979). However, the subject is still very contro-
versial, and evidence that a straightforward electrostatic accelera-
tion of charged particles is inconsistent with many observations
has recently been summarized by Whalen and Daly (1979).

0340-062X/81/0049/0128/802.00

The downward flow of energetic auroral electrons forms part
ofa large-scale system of Birkeland currents connecting the outer
magnetosphere with the ionosphere (Anderson and Vondrak
1975). In the same region, upward-directed ion beams have been
observed adding to the electric current density (Sharp et al. 1979).
The identification of the charge carriers of the currents into the
ionosphere has not been accomplished unambigiously, although
the current flow has been clearly detected by magnetometer obser—
vations from satellites and sounding rockets (Zmuda et al. 1970;
Theile and Praetorius 1973; Armstrong et al. 1975). Theile and
Praetorius (1973) demonstrated that the field—aligned currents oc-
curred above auroral arcs. In a recent paper, Cattell et al. (1979)
discussed the consequences of different particle populations in
regions with upward- or downward-directed currents. It was as-
sumed that the plasma carrying downward currents would be
populated by cold, high—density, ionospheric electrons and that
upward current regions could be characterized by relatively low-
density, hot, magnetospheric electron populations.

In this paper, we present a comprehensive set of measurements
made by an experiment complement aboard a sounding rocket
during an auroral break-up event. The observations demonstrate
the above assumption directly and, moreover, relate the transitions
between the different plasma regions to electrostatic field tran51-
tions. The high time—resolution available combined with the rela-
tively low horizontal velocity of the payload provided a spatial
resolution of less than 30 m, assuming the current structure to
be at rest with respect to the earth’s surface.

Instrumentation

The payload under discussion here was part of a sounding rocket
programme, named “Substorm Phenomena” Identical experi-
ment complements in four payloads were selected to provide a
set of plasma, particle and field observations during various phases
of magnetospheric substorm events. Details of the experiments
are compiled in Table l which also indicates the various institu—
tions responsible for the particular instrument developments.

The payloads were launched by Skylark 12 motors from the
Andoya Rocket Range, Norway, and flight 3A, which we consider
here, reached a peak altitude of 536.4 km. All experiments and
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Fable 1. List of experiments flown aboard the payloads “Substorm phenomena’ 3

Experiment Technique Measurements Institution

Electric field experiment
DCTF 3 2 boom-mounted double

probe sensors
ACTN 1

Förster’ magnetometer
TS 1

3-Component fluxgate
magnetometer

AC magnetometer
TS 2

l-component search coil

Plasma experiment
TF 4

Retarding potential analyser

Particle spectrometer
Electrons TL 7
Protons TZ l

Hemispherical electrostatic
analyser and open electron multipliers

Particle spectrometer
TL 6

Magnetic particle analyser
and solid-state detectors

Particle spectrometer
TK 1

Solid-state detector telescope

DC electric field
resolution 0.1 1 mV/m
AC electric field
50 112—20 kHz

DC magnetic field
0—500 Hz, resolution 1 nT

IPM, Freiburg

ESTEC, Noordwijk

TU, Braunschweig

Magnetic component of wave
fields 50 H275 kHz

TU, Braunschweig

Electron temperature, ion density
ion wind, vehicle potential
electron flux 0—30 eV

IPM, Freiburg

MPAE, Lindau
INW, Graz

Electron and proton fluxes
0.1(1)§Ee(Ep)§25(40) keV

Electron and proton fluxes MPAE, Lindau
20(40) g E, (E..) g 200(300) keV
Proton fluxes IFKKI, Kiel
0.07§E,§2 MeV

other subsystems worked perfectly thus providing a wealth of
data, some of which will be discussed in this paper. The payload
was controlled in attitude so as to point 200i 10° off the negative
geomagnetic field direction and had a spin period of 350 ms.

Geophysical Conditions During Launch

The payload flew on 13 October 1977 during a magnetospheric
substorm starting at 20:22 UT and lasting until 23:30 UT Two
auroral break-ups occurred during this substorm. The variations
of the magnetic field components recorded at Andenes as displayed
in Fig. 1 provide an overview of the situation which occurred
during a period of moderate planetary geomagnetic disturbance
levels with s3— Except during the first 40 min of the sub-
storm, both the positive and negative variations of the Z and
Y components were less than 100 nT, while X reached a minimum
of —400 nT Of particular interest is the time interval 20:48—
20: 55 UT, characterized by strong negative Z variation. The corre-
sponding auroral forms showed a violent disruption of the east-
west oriented band with, at times, nearly north-south directed
curtains.

While the X—component attained large negative values, the
auroral activity subsequently concentrated in a faint homogeneous
arc with sharp northern boundary which moved slowly south-
wards. Based on the decreasing X-component, an intensification
of the arc and a slight enhancement of the geomagnetic micropul-
sation activity at 21:22 UT, the rocket was fired at 21 :26 UT
Shortly after launch, the arc brightened to an intensity of more
than 50 kR in the 557.7 nm oxygen line. The payload crossed
the are two minutes later and reached the northern boundary
of the auroral activity at about 21.30 UT The measurements
of the Andenes scanning photometer are displayed in a time-
distance coordinate system in Fig. 2 for the 557.7 nm auroral line.
It can be seen that at 21:31 UT an auroral break—up occurred
with rapid expansion ofthe aurora to the north. Further informa-
tion on the geophysical conditions during the flight has been com—
piled elsewhere (Wilhelm 1980). Without discussion it should be
pointed out that a fading ofthe auroral brightness occurred before
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the break—up similar to the observations by Pellinen and Heikkila
(1978). The sequence of events has been documented by all-sky
photographs from Andenes shown in Fig. 3. The trajectory of
the payload has been projected downwards along the magnetic
field lines to an altitude of 120 km and has been overlaid on
both the photometer and the all-sky camera data in order to
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rocket. The rocket trajectory projected down along the local magnetic
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Fig. 3. All-sky camera photographs during the flight of payload T/NL
3A. The frames [from left to right) were taken at approximately 1 min
intervals at 21:27:01. 28:01. 29:01. 30:01, 31 :0]. 31:41. 33:21. 34:41.
and 36:01. respectively. The exposure time was 16 3. North is at the
bottom ofthe frames and east to the right. The instantaneous position
ofthe payload was projected down to an altitude of 120 km and marked
by riots in the frames of this figure

establish the spatial relationship of the auroral forms with respect
to the payload. The riometer recording at Andenes on 27.6 MI-Iz
showed a relatively smooth absorption event of approximately
0.9 dB over the flight.

The observations and subsequent discussion pertain to small-
scale phenomena observed by the instrumentation of the payload.
The prevailing large settle electrojet configuration was observed
by the Scandinavian Magnetometer Array (Kiippers et al. 1979).
Analysis has been carried out for the interval between 2128 and
2132 UT. Since the gross spatial configuration of the magnetic
field did not change and an increase of only 10% in amplitude
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was observed during this interval. it should suffice to consider
values averaged over 4 min in the following discussion.

In Fig. 4 the averaged equivalent currents. in terms of their
magnetic field amplitude at the earth‘s surface. are displayed.
whereas Fig.5 shows the amplitudes. averaged in time. of the
north. east and vertical magnetic components along the .rKI axis.



The coordinate system used in Fig. 4 is a Cartesian system ob—
tained by a projection of the globe onto a tangential plane centred
at Kiruna. Sweden. The yKl axis of the system has been chosen
as the tangent to the projection of the (1).; (KIR)=64.8° line with
(‚5.: being the revised corrected geomagnetic latitude as given by
Gustafsson (1970). The .el axis is perpendicular to the y.“ axis
and is directed approximately 12° west of geographic north at
Kiruna.

Both figures show that a westward electrojet was centred near
xm=200—250 km decreasing slightly in strength in the westward
direction. The southward-directed equivalent currents in sub-au-
roral latitudes and the distribution of the B components (parallel
to yK.) along the xK. axis seem to indicate a divergence of the
westward electrojet. Whether this divergence was balanced by up-
ward~f1owing field-aligned currents (Hughes and Rostoker 1977.
1929; Baumjohann 1929) remains to be determined.

As can be seen in Fig. 17'. the large~scale ionospheric electric
field is directed southwards. The westward electrojet could there-
fore be attributed to an ionospheric Hall current. In order to
calculate the height-integrated ionospheric Hall current density
we have applied the method of field separation and subsequent
upward continuation (Mersmann et al. 1979; Baumjohann et al.
1929) to the averaged latitudinal profiles of the A and Z compo-
nents displayed in Fig. 5. As no magnetic field data were available
north of the Norwegian coast the assumption was made that the
A and Z components were symmetric and anti-symmetric with
respect to xKl=200—250 km.

The resulting x“ profile ofthe height-integrated westward Hall
current density at 100 km height is shown in Fig. 6. It can be
seen that the westward electrojet has its maximum height-integrat-
ed current density of about 8 >< 105 uAm" slightly north of An-
doya and close to the region of maximum auroral luminosity.
The main part ofthe current was confined to a region of i 300 km
around this maximum. The northern boundary of the current
flow was close to the boundary ofthe auroral activity as indicated
by the rocket results. which supports our earlier assumption of
a symmetric current flow.

Observations

The observations pertaining to small-scale field-aligned current
flow were made during the time interval 190—260 5 after launch.
As can be seen from Figs. 2 and 3. the payload was near the
northern boundary of the auroral activity at this time. Visual
and television observations in Fig. 7 show more clearly than Fig. 3
that the region in question was occupied by discrete auroral ares
with a pronounced ray structure. This is supported by the measure—
ments of low-energy electron fluxes given in Fig. 8. As long as
the instrument was in the appropriate mode. highly-structured.
intense electron precipitation was detected followed by steep de-
creases in numbers as well as energy fluxes. shortly after 260 s
elapsed time. North of this region the energy flux carried by
low-energy electrons in the range 0.1—25 keV was smaller than
10‘2 erg cm"2 s" 1. whereas inside the area with auroral activity
the energy flux was nearly three orders of magnitude higher. A
conspicuous spike between 210 and 220 5 elapsed time is investigat-
ed in detail in Fig. 9. The lower curves of this figure and of
Fig. 10 are the magnetic field variations derived from the fluxgate
magnetometer measurements. The originally spin“ and coming-
modulated magnetometer data have been transformed into an
earth-fixed coordinate system. B. points towards magnetic north.
3. towards magnetic east. and BK downwards parallel to the un-
disturbed geomagnetic field. A reference field was deduced from
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The current density north ofAndenes was calculated assuming symmetry

Fig. 7. Active auroral from overflown by the payload shortly before
this TV observation was made at 21 :33 UT (420 s after launch} (courtesy
G.Webb). The white do: indicates the location of the payload projected
along the magnetic field direction down to 110 km at that time. The
Mark dots show the locations at 21 :30 (240 s} and 21:31 UT [300 s}.
respectively. The Mur in the upper {off-franc! rrrerr is Alkaid

the transformed measurements to obtain the variations of the
magnetic field vector. The data shown cover the times 190 226 5
and 230 260 s after launch. respectively. Activation of the attitude
control system affected the magnetic field measurement during
the missing time section. No magnetic field variations were ob-
served in B,. B. shows some variations at frequencies of a few
Hz between 210 and 216 s. Short-period variations were observed
in the same time interval in B}. In addition. 3. increased between
190 and 211 s. A decrease in B. is seen from 211 to 216 s. The
short—period variations can be explained in terms of hydromagnetic
waves (Kldcker and Theile 1979). The event in Fig. 10. occurring
halfa minute later. showed very similar signatures. The low—energy
electron experiment had switched to another mode allowing high-
time-resolution measurements at the expense of spectral informa-
tion. The low-energy electron flux decreased by two orders of
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to magnetic field observations made aboard payload 3A between 230
and 260 s elapsed time. The magnetic field observations have been given
in the same format as in Fig.9. The electron data were obtained in
a slow energy scan mode with an energy increment every spin period.
The spin modulation present near 250 3 resulted from a field-aligned
electron flux distribution. The lack of detailed correspondence between
particle and field data is not surprising in view of the fact that the
magnetometer observations represent an integrated response to an ex-
tended current distribution



magnitude between 240.1 and 243.9 s and after 251.6 s elapsed
time. It is important to note that all three variations occurred
within one spin period each. while the experiment was set on
fixed energy levels. Consequently, they have to be censidered as
time-space variations rather than spectral features. The apparent
modulation of the electron flux resulted from a pitch angle an-
isotropy with fluxes peaked along the magnetic field direction.
A model pitch angle distribution of Fla)~40 cos’2a+l for 0;?-
sugar) and He)» l for 9021; 120 best fits the data in the energy
range 200- 370 eV.

In both cases. the magnetic data suggest that the payload
encountered field-aligned electric current sheets with downward-
directed currents at the southern boundary and upward-directed
currents north of it. The low-energy electron flux observations
support this interpretation as far as the upward-directed current
is concerned by identifying intense electron fluxes flowing along
the magnetic field lines into the ionosphere. On the other hand.
very low fluxes were measured in the regions of downward cur—
rents.

These interesting events seem to merit extensive investigation
making full use ofthe available data set provided by this payload.
Energy spectra of the low-energy electrons were measured with
high time-resolution during the first event and have been displayed
in Fig. 1 1. Before and after the event the spectrum can be approxi-
mated by a single power law function F( W) as W‘i'. with exponent
y=2.3. During the period with increased flux the spectrum
changed considerably. This spectral variation was accompanied
by a change in the directional distribution. In the energy range
0.1—0.6 keV, the pitch angle distribution peaked along the magnet—
ic field direction with a best-fit model of approximately F(-:r)--
50cos'51r+1 for angles of 031290. At higher energies. near
2 keV. the distribution was also field-aligned as can be seen from
Fig. 12 where. in addition. a model fit of Ha)» 10 c03153r+1 is
shown.
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Fig. ii. Electron energy spectra as measured during the first of the
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Physical effects related to the current sheets as seen by the
low-energy electron and magnetometer experiments were also ob—
served by the other instruments. First, we present plasma data
from the retarding potential analyser and electric field experiments
in Fig. 13. The density of the thermal electrons dropped by a
factor of roughly two during the time intervals with upward-
directed currents, whereas the electron temperatures increased
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from values near 1,5000 to 3,500° K attaining their peak values
exactly inside the regions with upward-directed currents. The data
presented in Fig. 13 suggest, however, that both current sheets
did not occur independently, but were generated by a common
process. The electric field measurements presented in the lower
portions of this figure show abrupt variations both in intensity
and in direction. Specifically, the quasistatic electric field increased
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Fig. 16. Magnetic wave field observations in several frequency bands
each having 100 Hz band width. The instrument suffered from interfer—
ence when the attitude control system was activated and the data could
not therefore be evaluated continuously. Enhancements of the magnetic
fluctuations in the lower frequency bands seem to be related to the
currents sheets, although a one-to-one correspondence can not be seen

from 40 to 80 mV/m during the first interval and decreased from
approximately 60 to 20 mV/m in the course of the second event
while the azimuth of the electric field direction varied between
about 200 and 110° in both cases.

A summary of the energetic proton and electron observations
has been compiled in Fig. 14. The important point to note is
that the low—energy channel at 14.6 keV is clearly anticorrelated
with the electron flux whereas the high-energy proton flux shows
a positive correlation with the electrons during the periods of
upward-directed electric currents. The proton spectra given in
Fig. 15, for a time interval covering the first current-sheet en-
counter, demonstrate that the proton flux near 30 keV had been
relatively constant. At energies below this level flux decreases
were observed, whereas enhancements were present at higher ener—
gies. In particular, the high energy tail above 60 keV should be
mentioned, as well as the fact that the high-energy proton flux
was field-aligned in the electron precipitation region.

The observations of the perpendicular magnetic wave field
given in Fig. 16 show increased activity in all frequency bands
from ZOO—2,000 Hz in relation to the current layers, however, a
clear one-to-one correspondence could not be detected. The spec-
tral densities at different centre frequencies are given with a band-
width of 100 Hz. The pulses of the attitude control system have
been suppressed in this figure. There is some enhancement at
400 Hz between 185 and 200 s. A more pronounced noise level
can be seen between 240 and 270 s. The maximum amplitude
is at 200 Hz or below. This observation is consistent with results
oqrnett and Frank (1972), who found that inverted “V ” events
and ELF—noise very often occurred simultaneously. No satisfying
physical explanation is yet available. Spectrograms of the AC
electric field covering the whole of this flight exhibit a strong
hiss signal with a cut off at the lower hybrid frequency near
7kHz without any pronounced structures related to the current
sheet encounters.

Discussion

The all-sky camera data, the low-energy electron fluxes, the elec-
tron temperature and the electric field characteristics all suggest
that the payload reached the northern boundary of the auroral
oval shortly after 251 s elapsed time. Whether the observed struc-
tures were of spatial or temporal type could not be determined
unambiguously from the rocket data alone. Since the auroral activ-
ity regions and the large-scale electrojet were, however, stationary
in latitude during this time interval, it can be concluded that
the payload traversed spatial structures with a velocity of approxi-
mately 1,100 ms“ 1 normal to the magnetic field lines. The abrupt
transitions from one plasma regime to the other, apparent in
the electron data of Fig. 10, occurred over a distance of about
70 m. It also follows that the double sheet near 250 s had a total
thickness of 13 km, of which 8 km were occupied by the upward-
directed current. The corresponding figures as determined from
the magnetometer measurements were 12 and 7 km, respectively.
The width of the upward-directed current sheet centred near 215 s
was 10 km and it was separated from the sheet at 250 s by approxi-
mately 38 km. Structures with a width of only several 100 m as
quoted by Kan et al. (1979) could not be found although the
resolution of the instruments would have been sufficient for an
unambiguous detection. In addition to the good agreement as
far as the width of the current sheets is concerned, the evaluation
of the current densities in the upward-directed current regions
led to reasonable agreement between the field and particle data.
Assuming a current sheet of infinite extent and a payload motion
perpendicular to it, the current density can be related to the mag-
netic field according to j=(l/u0)dB/dx. The downward current
cannot be determined from the electron precipitation data. The
relevant parameters of the current sheets as far as they could
be determined from the observations have been compiled in Ta-
ble 2.

The current density values as derived from the electron flux
data should, however, be qualified in two respects. Firstly, it
should be noted that the upward-directed electron flux was only
measured in the pitch angle range 90—120° and, secondly, observa-
tions were not available over the full energy range. The fact that
in both cases the electron data yield higher current densities might
indicate an under-estimation of the return flux of energetic elec-
trons contained implicitly in the model pitch angle distributions.
The current densities were several times larger than the threshold
density of 2.5 uAm‘2 for auroral arc spiral formation (Davis and
Hallinan 1976; Hallinan 1976).

The plasma measurements demonstrate that the two different
current regimes were populated by different electron distributions.
A low-density, high-temperature electron gas was observed in the
upward-directed current sheet and a high-density, low-temperature
one in the adjacent region. As the events were observed by this
payload at an altitude of approximately 400 km, the conclusion
can be drawn that magnetospheric electron populations were car-
ried down to at least that altidue. The strong field alignment
of the energetic electron fluxes confirms the concept that low—
altitude electric fields parallel to the magnetic lines of force exist
above the auroral ionosphere. Judging from the positions of the
peak and knee in the spectral electron distributions in Fig. 11,
the maximum potential drop during the 210 3 event was approxi-
mately 4 kV. The data discussed so far consistently describe cur—
rent sheets connecting the outer magnetosphere with the iono-
sphere during the main phase of a magnetospheric substorm. We
will now attempt to relate the additional information to these
structures.
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Table 2. Current sheet parameters

Event 1922]] s 21 14220 s 240—244 s 2444252 s

Current direction Downwards Upwards Downwards Upwards
Width, km

Magnetic data “ 9 — 8 7
Electron datab — 10 5 8

Current
density, uAm‘ 2

Magnetic data 13 25 18 17
Electron data — 40 — 22

a, Width deduced depends on details of current sheet structure in E-W
direction. Values given refer to simple E-W extending sheets. Spirals
as indicated in Fig. 3 would tend to broaden the width
Width calculated assuming perpendicular traverses

The electric field measurements exhibit large variations in am—
plitude as well as in azimuth across the current sheet structures.
It has already been noted that the electric field data clearly relate
the observed current sheets to a single feature characterized by
an increase in the electric field intensity and a distinct change
in the direction. In an attempt to identify this structure, the electric
field information provided by the STARE system (Greenwald et al.
1978) was compared with the sounding rocket data and the auroral
observations in Fig. 17. A study by Cahill et a1. (1978) showed
good agreement between electric fields determined from STARE
and sounding rocket data. The bright auroral arc denoted by
A delineated a change in the direction of the electric field in
all three intervals. In region B between the bright arc A and
the northern edge of the auroral activity, southward directed fields
prevailed. Neither an intensification nor a variation of the direc—
tion could be detected near the arc C at 71—720 latitude, as would
have been expected from the rocket measurements during the
current sheet encounters. Besides this difference, there was a gener-
al disagreement between the electric field magnitude observed by
the rocket instrument and STARE. The radar beam covering the
trajectory of the payload was however not operating satisfactorily
thus precluding any detailed comparison. Nevertheless, it can be
inferred from Fig. 17 that the current sheets were encountered
at the northern boundary of a region with electric fields above
the STARE threshold having a latitudinal extension of several
hundred kilometres and a southward direction.

The electron flux observations have provided evidence that
the field-aligned current sheets were accompanied by quasi-static
electric potential differences along the magnetic field lines. Such
a configuration, if directed so as to accelerate electrons down-
wards, should of course decelerate precipitating protons and indi-
cations of such an effect could indeed be found at the low-energy
end ofthe observations presented in Figs. 14 and 15. The enhance-
ment of both the energetic electron and proton fluxes accompany-
ing the current sheet at 210—220 s point to another process related
to the various phenomena. This is particularly true for the high-
energy tail of the proton spectrum at 209—215 s.

The energetic particle fluxes during the second current-sheet
encounter were considerably lower, in line with a general decrease
of the mean energy of the low-energy electron population from
approximately 6 keV near the bright auroral arc to 0.1 keV at
the northern edge of the auroral activity, which can be determined
using the data shown in Fig. 8.

In summary, the observations presented here demonstrate that
field-aligned current sheets having current densities in excess of
10 pAm"2, with opposite directions, occurred near the northern
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Fig. 17. Ionospheric electric fields as derived from STARE observations
for three integration intervals during the first part of the sounding rocket
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as well as the electric field observed aboard the rocket and projected
down to 100 km along the magnetic field direction (circles). The observa-
tions were made at 180, 240, and 260 s after launch with an integration
time of 20 s

edge of an auroral break-up region. The sheets could be related
to active discrete auroral forms. The sheet parameters, current
density and latitudinal width, as determined by the on-board mag—
netometer and electron spectrometer instruments, were in reason
able agreement. In particular, it could be concluded that the up“
ward current was carried predominantly by energetic electrons.
The widths of the sheets ranged from 5—10 km. Although the
instrumentation was capable of resolving narrower structures, such
features were not observed. The edges of the different plasma
regimes were extremely sharp accompanied by quasi-static electric
field transitions as well as magnetic ULF and VLF wave field
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activity. The plasma parameters could be characterized by de-
creases in the electron density and strong enhancements of the
electron temperature. High-energy charged particle measurements
indicated that very energetic processes were involved in the genera-
tion mechanisms of these structures, while low—energy electron
and proton observations provided strong evidence of field-aligned
acceleration and deceleration within the upward—directed current
sheets. The lack of any detailed correspondence between both
the magnetic and electric AC fields and the other current sheet
parameters points to a propagation effect and thus to the fact
that the interaction region was located away from (presumably
above) the observation point.
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Abstract. A pulsation event has been studied which showed P56-
type characteristics with a period of about 20 min. Data from
a number of magnetometer and riometer measurements over a
large area have been combined with balloon measurements of
the electric field to obtain a detailed description of the ionospheric
current system during the event. The pulsations reported here
occured over an interval longer than 3 h and showed large magnet-
ic variations, up to 700 nT A model of the three-dimensional
current flow has been derived which agrees with the data. It is
concluded that most of the magnetic disturbance measured on
the ground is caused by Hall-currents.

Key words: Auroral zone — Magnetic fields — Electric fields —
Riometer absorption — P56 pulsations — Omega bands — Three-
dimensional current systems

Introduction

Long-period geomagnetic pulsations are common during sub-
storms in the auroral zone, pulsations with periods greater than
150 5 being called Pi3 type according to international classification.
These irregular pulsations have been subdivided into two distinct
groups namely PiP (RaSpopov 1970) and P56 (Saito 1972). The
groups are separated mainly by their occurrence in local time
and by magnetic signature (Kiselev and Raspopov 1976). P56 pul-
sations are quasi—periodie with periods in the range 10—40 min
and are strongest in the Y component of the magnetic field both
on the ground and at high altitudes. They occur mainly in the
morning hours and are closely correlated with auroral activity.

The magnetic variations reported here showed the characteris-
tics of P56 pulsations, but were longer-lasting and stronger than
those usually measured. They occurred over a local magnetic time
period from 0430 to 0700. The peak to peak amplitudes in the
Y and Z components were up to about 700 nT The maximum
intensity was measured at a latitude between Kiruna and Tromsö
which made this event particularly suitable for study due to the
reasonably good coverage of groundbased measurements in that
area. Furthermore electric field measurements were carried out
from balloons during the same time interval as the magnetic pulsa-
tions and they showed a clear correlation. A map showing the
location of the observing stations is shown in Fig. 1.

Due to the fact that groundbased magnetic measurements
alone cannot distinguish between numerous possible two-or three-
dimensional equivalent current systems in the ionosphere and mag-

0340—062X/81/0049/0138/50160

netosphere (Fukushima 1976) it is necessary to support them with
other measurements in order to get a more complete physical
description. Here we have used electric field and cosmic noise
absorption measurements to put constraints on the three-dimen-
sional model for the current system.

The characteristics of the P56 pulsations have been studied
in some detail by Saito (1974, 1978). He proposed a meehanism
with field-aligned currents at the eastern and western ends of
the substorm westward electrojet and attributed P56 to the mean-
dering of the current system during the course of the substorm
from the midnight region toward both east and west. Kawasaki
and Rostoker (1979) have suggested a three-dimensional current
model of narrow longitudinal extent in which antiparallel Birke—
land current sheets are linked by equatorial flowing ionospheric
current.

In this study the pulsation event of 8 July 1975, an unusually
strong and long-lasting P56 event, has been studied in detail. The
results are compared with earlier suggested mechanisms, and a
model of the three-dimensional current flow which agrees with
the data is presented.
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Description of Measurements

The magnetic event observed by ground based magnetometers
in Northern Scandinavia. 8 July 1975 between 0200 and 0500
UT. corresponding to 0430—0730 MLT. showed regular periodic
variations. Figure 2 shows the magnetogram from Kiruna where
large Z component variations (up to 700 nT) were recorded
throughout the 3-h period. The positive excursions have time con-
stants of less than one minute while those for the negative excur-
sions are of the order of 20 min. The Y component showed sym-
metrical changes of up to 600 nT with peaks coinciding with the
rapid positive excursions in the X component. The X component
showed that the periodic structure was superimposed on a west-
ward electrojet of about 500 nT.

Comparison with 3 years of magnetic recordings at Kiruna
showed that the unique features of this event were the very long
duration (most events were less than one hour) and the large
amplitudes. Data from a chain of standard magnetic stations from

59° to 78° latitude (Fig. l) have been used to locate the disturbance
in latitude. The center varied very little during the night and
was generally located between Kiruna and Tromso. the latitudinal
extent being about 5° as shown in Fig. 3 for the Y component
in the form of a Zaitsev-Bostrom diagram (Zaitsev and Bostrom
1971).

The University of Münster operated a meridian chain of closely
spaced magnetometers with high time resolution (10 s} at Mikkel-
vik (MIK. 70°04“. 19°02'). Kiruna (KIR. 671° 50’. 20°25'). Natta-
vaara (NAT. 66°45’. 2l°00’) and Pitet’t (PIT. 65°15’. 21°35’}. These
stations constituted the first part of the Scandinavian Magne-
tometer Array which was built up during the years 19?4--19?6
(Ktlppers etal. 1979). The recordings from these stations are
shown in Fig. 4. The A and B components are aligned along
their“. und)“. axes ol‘the Kiruna system. respectively (cf. Ktippers
et al. 1979). Since those axes are perpendicular and parallel respec-
tively to (I); (KIR)=64.8° with (I); denoting the revised corrected
geomagnetic latitude(Gustafsson 1970). A and Bcornponents may
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be regarded as corrected geomagnetic north and east components.
respectively. In order to separate the 20—min variations from the
more slowly varying contribution of the electrojet a filter (with
the —6 dB cutoff point at a period of 30 min) has been used:
the low frequency signal- i.e.. the slowly varying electrojet contri—
bution has also been included in Fig. 4. The disturbance vectors
discussed in this paper are measured relative to this new reference
line and thus represent the more rapid variations.

In order to derive information about the particle precipitation
during the present event. recordings from the riometers at Kiruna
and Kevo (69°45’. 2?°01’. Fig. I) have been used. From Fig.5
it ean be seen that the recordings at both stations look very similar
but that the absorption recorded at Kevo is delayed relative to
Kiruna by 3-- 5 min. Kevo is located about 350 km east of Kiruna
which means that this time delay corresponds to an eastward
motion of the maximum absorption region with a velocity of
a few kmfs.

The 20-min variation is very pronounced in the riometer data
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and shows good correlation with the magnetic variations of Figs. 2
and 4. Therefore. it may be concluded that the magnetic variations
are closely related to precipitation of electrons of a few tens of
keV.

The Danish Space Research Institute had a balloon equipped
with electric field detectors a few hundred km west of Kiruna
during the night discussed in this paper. The balloon was located
as follows: at 0200 UT: 68°42’. 11°21’; at 0300 UT: 68°36'.
10°46'; 2110400 UT: 68“ 30'. 10°00’ (Fig. l). The horizontal compo-
nents of the electric field are shown in Fig. 5. These recordings
show more structure than the absorption data but the 20—min
variation can be identified easily particularly in the east‘west com-
ponent. Peak to peak amplitudes of more than 100 mV/m were
recorded. It may also be seen from Fig. 5 that variations with
periods greater than 30 min are very small in the eastvwest compo-
nent and somewhat larger in the north-south component. although
still smaller than the higher frequency components. It was men-
tioned earlier that a filter technique was used to separate the
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Fig. 7. Continuous current cell structures during the whole event similar to Fig. 6
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current system due to the electrojet from the system that is attribut-
able to variations with a period of about 20 min. Figure 4 shows
that the northward A component was dominated by a rather
steady electrojet during the interval of interest. On the other hand.
the eastward B component was dominated by the 20-min varia—
tions. In the following a detailed description will be made of
the magnetic data after it has been passed through the high pass
filter.

In order to indicate the equivalent current pattern associated
with the magnetic disturbance. the magnetic disturbance vectors
at the four stations operated by the University of Münster have
been rotated 90° clockwise. Figure 6 shows the equivalent current
pattern for the time interval centered at 0313 UT. when a maxi-
mum in the eastward magnetic component corresponding to a
southward current vector was observed. The time axis has been
drawn from right to left to illustrate a possible stationary system
moving in the eastward direction. The same horizontal and vertical
distance scale is obtained in Fig. 6 if the assumption is made
that the current pattern drifted with an eastward velocity of
1.3 km/s over the meridian-chain magnetic stations (as indicated
by the riometer observations). The current pattern shows two
cells with a southward current between them. where the largest
current was also concentrated. Similar two cell patterns could
be drawn for all maxima in the eastward magnetic component
during the time interval 0200—0500 UT (see Fig. 7). The center
ofeach current cell separates regions of current vectors with north-
ward and southward components. The ”square wave" in Fig. 6
corresponds to time intervals of a northward and southward com-
ponent of the currents. and the arrows indicate the time of maxi-
mum southward current. The same square wave also been superim~
posed on the riometer recording from Kiruna in Fig. 5. A compari-
son between the magnetie and riometer data obtained at Kiruna
as seen in Fig. 5 shows that the maximum in the absorption was
closely correlated with the change from northward to southward
directed equivalent currents but the time of maximum southward
current was delayed relative to the maximum absorption. There-
fore. maximum precipitation of electrons occurred inside the east-
ern counterclockwise current cell. At the balloon a similar time
difference (2—3 min) between the maxima of the measured X-rays
and eastward maxima of the electric field was observed (Iversen
et al. 197?).

To illustrate the relation between the eastswest electric field
component and the equivalent current component the same square
wave pattern was superimposed on the electric field measurements
in Fig. 5. where the wave has been advanced 3 min relative to
the balloon recording to compensate for the fact that the electric
field measurements were made about 300 km west of Kiruna.
The 3-min delay has been estimated from the measured difference
between the riometer absorptions at Kiruna and Kevo. assuming
the same velocity for the structures west of Kiruna. The observed
time difference between the maximum eastward electric field at
the balloon and southward current observed at Kiruna varied
between 3 and 4 min. Although electric and magnetic measure-
ments were not made at the same locations. there is good evidence
that the eastward electric field corresponds to southward equiva-
lent currents. The electric field measurements show considerable
high frequency fluctuations and a rather steady bias but a good
correspondence can be found between eastward and westward
directed excursions of the electric field and southward and north-
ward directed components of the equivalent currents. respec-
tively.

The other component of the horizontal equivalent current
(east-west direction) in the two cell pattern has the following be-
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Fig. 8. DMSP picture of the aurora in the southern hemisphere at about
0140 UT

haviour: south of the latitudinal center line through the cells.
the direction will change from eastward to westward at the time
when the maximum southward current passes the meridian of
the stations (see Fig. 6) and the opposite change occurs north
of the center line. Therefore. the east-west component of the cur—
rent vectors will show different temporal variations for recording
stations north and south of the latitudinal center of the distur-
bance. The change from eastward to westward current has been
indicated in Fig. 5 on the panel showing the north-sourth electric
field component and marked N (also shifted by 3 min. see above).
The change in the opposite sense has been marked 3. It can
be seen from Fig. 5 that the period of southward currents generally
corresponds to large changes in the north-south component of
the electric field. It may be noted that the electric field measure-
ments of the north-south component showed short period varia-
tions. particularly in the time interval 0235—0245 UT. which can
also be identified in the magnetic data north of Tromso (see
Fig. 3) but are not shown so clearly in Fig. î. The lack of corre-
spondence of the north-south electric field in a few cases is not
unexpected and a time shift of a few minutes will give a good
fit (the two measurements are made about 300 km apart and some—
what non-symmetrical patterns such as changes in drift velocity
could cause that difference). The correspondence therefore sug-
gests that the east-west current vectors and the north-south electric
vectors are physically correlated.

The event discussed here occurred in the middle of the summer
and no auroral data could be obtained in Scandinavia. However.
the DMSP satellite recorded aurora in the southern hemisphere
during the same time interval. Figure 8 shows the auroral image
obtained at 0140 UT. Loop structures with a north-south extent
of 200——300 km and a separation between the structures of about
900 km were recorded. Similar structures were observed on all
the following satellite passes at 0322. 0403 and 0503 UT. The
satellite pass at 0545 UT is shown in Fig. 9 where very clear
loops can be seen. Comparing this with the magnetic observations
in northern Scandinavia it may be concluded that auroral forms
were observed in the southern hemisphere auroral zone which
could correspond to the eastward travelling magnetic disturbances.
A direct comparison cannot be made because the DMSP satellite
traversed a region of the auroral oval whose fieldlines are con-
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Fig. 9. DMSP picture of the aurora in the southern hemisphere at about
0545 UT

nected in the northern hemisphere to a region several thousand
km west of Scandinavia.

Similar temporal variation to that observed by the groundbased
and balloon measurements can also be seen in the ATS-6 magnetic
field and energetic particle data (ATS-6 was at the time near
the Kiruna longitude, personal communications McPherron and
Mcllwain, respectively). This shows that field aligned currents
are observed at the equator along the same field lines. This will
be the subject of a later study.

Discussion

The event discussed in this report showed very regular variations
in the magnetic field, particularly in the Y and Z components.
for several hours. The magnetic variation, with the low frequency
component ( :2» 30 min) removed has been displayed in Fig. 7 where
nine consecutive events with very similar patterns in the equivalent
current vectors can be noted. The apparent structure as seen by
the magnetometers was a two-cell pattern east and west of a
southward current and moving in the eastward direction at a
velocity between 1 and 2 km/s, with the higher velocity at the
beginning of the disturbance period. The intervals between the
patterns were not of exactly equal lengths. The events occurred
at 0218. 0234, 0250, 0313, 0325, 0346, 0406, 0425, and 0442 UT
which means intervals of 16, 16, 23, 12, 21, 20, 19, and 17 min,
respectively, between the events. Using an average velocity of
1.5 km/s this would give a Spacing of 1000 to 2000 km between
the two-cell structures.

The riometer absorption showed a one to one correlation with
the magnetic events. The time when the absorption peak occurred
could not be determined very accurately but in general the maxi—
mum in the absorption observed over Kiruna occurred close to
the center of the eastern counterclockwise current cell and was not
coincident with the southward current. This was also supported
by the time difference between the electric field and X—ray mea-
surements at the balloon.

The electric field as measured on a balloon a few hundred
km west of Kiruna showed variations corresponding to the mag-
netic variations and the conclusion could be drawn that the orien-
tations of the magnetic and electric field vectors in the castawest
direction were coincident, to within the uncertainty of the measure-
ments.

Let us now discuss the three-dimensional current system asso-
ciated with the observed variations in magnetic and electric fields
and riometer absorption. The observed magnetic field pattern
could be explained by two possible equivalent current systems.
One of these would be similar to a short north-south aligned
Bostrdm type 1 system (Bostriim 1964) and would consist of a
pair of field-aligned line currents, about 100 km apart in the region
of maximum southward equivalent current, (in Figs. 6 and 7)
linked in the ionosphere by a southward directed Cowling current
(Baumjohann et al. 1977). The other possible system would be
somewhat similar to a Bostriim type 2 configuration. Here, we
again have a pair of field-aligned currents, but now with the
upward and downward directed ones located in the eastern and
western cells. respectively. If the height-integrated Hall and Peder-
sen conductivities are homogeneous, the magnetic effects of field-
aligned and Pedersen currents will cancel each other and ground-
based magnetometers will observe only the clockwise and counter-
clockwise Hall current loops around the field-aligned currents
(Fukushima 1976; Boström 1977).

The simultaneous observations of electric fields and riometer
absorption give some evidence that this second equivalent current
system comes closer to the real three-dimensional current system
than the first one. Firstly, the maximum riometer absorption,
which reflects energetic electron precipitation and hence upward
field-aligned current flow (Klumpar et a1. 1976:, Kamide and Ros-
toker 1977; Klumpar 1979), tends to be located in the eastern
cell and not in the region of maximum southward equivalent
current. Secondly, the east-west electric field is parallel to the
east-west magnetic field and perpendicular to the north-south
equivalent current vectors. This indicated that the magnetic distur-
bances on the ground are caused solely by Hall-currents, as de-
scribed in the second model.

In order to support the above discussion and to give some
quantitative values, we have constructed a simplified numerical
model for the dual equivalent current cell pattern centered on
0313 UT. Following Fukushima (1974) one can calculate the elec-
tric field in the ionosphere due to a field-aligned line-current pair
by substituting for them a pair of positively and negatively charged
fieldlines (the electric charge dissipating as a Pedersen current
in the ionosphere from the footprints of those two fieldlines is
assumed to be compensated by field-aligned current from the mag"
netosphere). The radial component of the electric field in the
ionosphere is given by (with Q electric charge density per unit
height from ionDSphere to infinity):

5,0211): Î Q/4TCEI’.

By assuming some distribution of height-integrated Hall and
Pedersen conductivities, we can compute the ionospheric currents
using the ionospheric Ohm‘s law. Subsequently the field-aligned
currents may be determined from the divergence of the horizontal
currents.

For numerical modelling we have divided the ionoSphere into
small cells each 50x 50 km and for each cell we have computed
electric fields and currents in the manner described above. The
height of the ionospheric current layer has been chosen as 100 km
above the earth’s surface in agreement with the average height
of the westward electrojet after Kamide and Brekke (1977). The
magnetic fields on the ground caused by the ionospheric-magneto-
spheric currents and by induced currents in a perfect conductor
below 125 km depth (typical depth for periods of the order of
15 min, after Mareschal 1976). have been calculated using the
Biot-Savart law.

The model parameters and the resultant equivalent current
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vectors on the ground are displayed in Fig. 10. By assuming a
positive and a negative line charge density of 3 - 10‘7 Cm‘1 and
a longitudinal spacing of200 km (Fig. 10a) we obtained maximum
westward electric fields of 70 m“ and maximum eastward
directed ones of 40 m‘1 (Fig. 10b).

This would be equivalent to peaketo~peak amplitudes of
l 10 m ' 1 and hence in reasonable agreement with the observed
values. Furthermore, we have assumed homogeneous Hall and
Pedersen conductivities of 40 and 20 Q‘ I. respectively. which are
in the range of those values given by Horwitz et al. (1978a.
b). The assumption of uniform conductivity is probably too simple
but good enough for our coarse model. The resultant ionospheric
and field—aligned current densities are displayed in Fig. lOd—e and
one may note maximum southward height-integrated Hall currents
ofthe order of2 Am‘1 and a total up- and downward field-aligned
current flow ofabout 3- 105 A. The Hall current density of2 Ami—1
is very high in comparison to about 500 mAm‘l found for the
westward electrojet in the morning sector by Sulzbacher et a1.
(1980} and Baumjohann and Kamide (in press 1981). In addition.
the field-aligned current in each of the double cells constitutes
10%—20% of the total field-aligned current flow in the midnight
to forenoon sector (Iijima and Potemra 1976. 1978). The equivalent
current vectors on the ground. caused by the three-dimensional
current system (and the induced currents) are shown in Fig. 10f
and we feel that the distribution comes rather close to that ob—
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served around 0313 and displayed in Fig. 6. A comparison of
horizontal and vertical components of Figs. 6 and 10f. also indi-
cates that a depth of 125 km for the perfect conductor is a good
estimate. Otherwise both horizontal and vertical components for
the same model could not fit the observed data. since induced
currents enhance the horizontal and reduce the vertical compo-
nents of the external magnetic field. Lastly. we note that our
model has been constructed only for one pair of field-aligned
currents while the observations show a series of several pairs.
However. the pairs are separated by more than 1000 km and since
E varies as l/r. neighbouring pairs would affect each other‘s elecv
tric field only very slightly and would not change the overall
pattern as displayed in Fig. 10.

Several previous studies have been carried out on eastward-
travelling features along the morning auroral oval which could
be related to the results presented here. Akasofu (1974) and Snyder
and Akasofu (1974) reported on eastward drifting Q—bands. Tsuno=
da and Fremouw (19%) presented radar auroral signatures with
eastward motions in the morning sector. Wescott et al. {19%)
found anomalous behaviour of barium streaks in the vicinity of
Q—bands indicating downward acceleration of electrons.

Baumjohann (1979) has shown a case where Ps6 pulsations
are actually associated with eastward drifting Q-bands. He found
eastward velocities of 0.8 km s" I and also the equivalent double
cell current pattern. consistent with the present results.
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Saito (1974) and Saito and Yumoto (1978) investigated several
models for Ps6 magnetic perturbations and concluded that the
meandering current model proposed by Saito could explain most
ofthe features in the Ps6 data. The model presented in this paper
with pairs of east—west oriented, eastward-travelling Hall current
loops, when superimposed on a westward electrojet, will produce
a current system which is equivalent to the model proposed by
Saito. But our model gives the real current configuration while
Saito’s model is an equivalent one based on magnetic data alone.

Kawasaki and Rostoker (1979) reported eastward-travelling
regions of large magnetic perturbations with propagation velocities
m the range 0.8—2 km/s, which seem comparable to those found
in our event. They modelled the disturbances with a three-dimen-
sional current system where antiparallel Birkeland current sheets
were linked by an equatorward flowing ionospheric current. Al-
though their three-dimensional model current system produces
the same magnetic field perturbation pattern as our Hall current
system, the riometer data, the electric field data and the magnet-
ometer data do not, when taken together, support their model.
As mentioned earlier the electron precipitation was located in
the eastern cell and not in the region of the maximum equatorward
equivalent current and it was also found that the east-west electric
field was parallel to the appropriate magnetic field vectors.
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Abstract. The response of exospheric temperature to variations
in solar EUV radiation was measured by the AEROS-EUV spec-
trometer. Correlation of these parameters is strongly impeded by
the competing influence of the solar wind and by the changes
in EUV heating efficiency. While the comparison of exospheric
temperatures with those from the M818 model gives rather good
agreement for geomagnetically quiet conditions, the experimental
data are significantly higher than the model data for disturbed
conditions.

Key words: Aeronomy — Upper atmosphere — Energy budget

Introduction

Extreme ultra-violet (EUV) flux variations have been measured
aboard many rockets and satellites (Hall and Hinteregger 1970;

Timothy and Timothy 1970; Schmidtke 1976; Hinteregger 1977;
Hinteregger 1979a). Observation of the atmospheric response to
these variations, changes in the exospheric temperature for exam-
ple, is rather difficult. One way to achieve this goal is the applica-
tion of atmospheric EUV extinction analysis to occultation mea-
surements (Hinteregger and Hall 1969; Schmidtke et al. 1974a;
Hinteregger and Chaikin 1977). The purpose of this note is to
present results from the AEROS—EUV spectrometer (Schmidtke
et al. 1974b), which monitored variations of the solar EUV flux
and provided data from which exospheric temperatures could be
derived.

Measurements

During the periods December 1972—August 1973 and July 1974~
September 1975 aboard the satellites AEROS-A and -B, respecti-
vely, solar EUV fluxes in the spectral range 16—106 nm were mea-
sured. In addition height profiles of atomic oxygen within the
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height range 200—450 km approximately were derived from occul-
tation measurements at selected solar emissions (Schmidtke et al.:
1974a).

For the period of AEROS-A a decrease of the solar EUV
flux of about 30% has been reported with the declining Solar
Cycle 20 (Schmidtke 1976, Schmidtke 1978). To demonstrate the
variability of the solar EUV radiation in more detail, daily aver-
ages of the solar emission of helium 58.4 nm radiation are shown
in Fig. la. Since this line is representative of the chromospheric
emissions comprising most of the EUV energy, it is proposed

‚ as a ‘chromospheric reference’ line (Hinteregger, in press 1981).
Although the variability of the coronal emissions is much stronger,
their contribution to the total EUV flux is relatively small. During
the AEROS-B mission no significant long—term flux variation was
measured as can be seen in Fig. lb. A small difference in the
flux levels of AEROS-A and B is caused by calibration uncertain-
ties in the absolute values (about iZOO/o in this case).

The solar ‘ EUV minimum ’ first reported by Hinteregger (1977)
is seen clearly (Fig. lb). The agreement of the absolute solar flux
numbers from Atmospheric Explorer-C and AEROS-B is also
satisfactory for the overlapping periods of both satellite missions,
in View of the experimental difficulties.

In Fig. 2 daily average exospheric temperatures are shown in
the upper part. The temperatures are derived from scale heights
(Schmidtke et al. 1974b) and extrapolated by the Bates formula.
This method is also applicable to geomagnetically disturbed condi-
tions, since the optical depth measurement includes the product
of the number density times the scale height. For these grazing
incidence conditions of the solar radiation in the upper atmosphere
the rays traverse a horizontal distance of, for example, about
800 km sensing a height interval of 50 km, which is reasonable
for the scale height of atomic oxygen.

The measurements were made at low southern latitudes at
the end of 1972 and beginning of 1973, at high latitudes for days
80—220 in 1973, and at mid-latitudes for days 200—220 in 1974.

Comparing Fig. 2 with Fig. 1, it can be seen that the exospheric
temperatures reflect neither the solar rotations as seen clearly
in the EUV fluxes nor the long-term EUV flux decrease. Geomag-
netic activity has a stronger impact on exospheric temperatures

than solar EUV activity. The temperature peaks are well correlated
with geomagnetic activity such as sudden commencements and
increases in AP index (most pronounced for the events on 3 Jan-
uary, 21 February and 1 March 1973). However, because of opera-
tional constraints on the satellite, not all of the geomagnetic events
could be traced by this experiment. Intercomparison with similar
data from Atmospheric Explorer-C (Hinteregger 1979b) shows
this to be consistent.

In addition Hinteregger (1978) reported rather constant tempe—
ratures while the EUV radiation increased significantly at the
beginning Solar Cycle 21.

In Fig. 3 the AEROS data are compared to the MSIS model,
orbit by orbit. Good agreement is found for low AP values (bearing
in mind the uncertainty in the EUV absorption cross section of
about lO%—20%), whereas the MSIS model represents too low
temperatures for higher Ap’s.

Conclusions

The comparison of the relative and absolute solar EUV fluxes,
as measured aboard AEROS-B, and of the derived exospheric
temperatures, with data from the Atmospheric Explorer-C, show
a comfortable agreement. The derived exospheric temperatures
are in rather good agreement with the MSIS model for geomagne-
tic quiet conditions. However, the temperatures of the MSIS model
seem to be too low for higher Ap’s. More importantly, the decrease
in the solar EUV radiation by about 30% from the end of 1972
to August of 1973 seems to be compensated. The decrease of
AQEUVæOÎ m“2 implies, for the whole earth, a decrease of
about 1011 W (or 1018 erg s" 1), which is a good order of magnitude
for the energy involved in a geomagnetic storm (Akasofu 1979).
Joule heating has long been recognized as a major contributor
to the energy budget of the upper atmosphere (Cole 1962). Particle
dissipation is another energy source. In general, the conversion
of the solar wind is probably more important for the upper atmo-1
sphere than so far recognized, especially under solar minimum
conditions. Changes in the heating efficiency of the solar EUV
radiation (Torr et al., in press 1981) might also explain, at least
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in part. the poor correlation of EUV flux and exospheric tempera»
ture variations.
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Introduction

One of the main deficiencies in our knowledge of the behaviour
of the earth’s ancient magnetic field concerns its magnitude and
the long-term stability of its non dipole terms. It has usually
been assumed that non dipole terms vanish when field directions
are averaged over a sufficient long time. But during the last ten
years, several authors (Wilson 1970, 1971; Watkins 1972; Creer
et a1. 1973) have shown that some non dipole terms seem to persist.
Therefore it is necessary to accumulate a large body of paleomag-
netic data, for several periods and from widely distributed regions.

We now present new results which complete an initial study
made by Hamzeh and Westphal (1973) on rocks from north-
eastern Morocco.

36 I

12 Guilliz
9

0.5%

Geological Setting

Several volcanic phases are known in Morocco; the most recent
being Miocene and Quaternary (Michard 1976).

The Miocene volcanics are restricted to the north-eastern part
of the Rif area. All K—Ar date determinations (Bellon 1976)
give upper Miocene ages spread between 13 and 5 m.y.

In the Mellila-Nador and Ras Tarf regions, the lavas are mainly
calcalkaline (andesites, K-andesites to rhyolites) and are associated
with alkaline-trachytic plugs (Hernandez 1975). In additiOn, a
granodiorite batholite of the same age has been recognized in
the same area.

The Jebel Guilliz, 100 km south of the area described above,
is characterized by alkaline, intermediate and acidic lavas, going
from trachyandesites to trachytes.

The last phase, of early to late Quaternary age, is alkaline
and basaltic to hawaiitic. It can be found in the above regions

Causse Moyen Atlasique

1
l

1
1 MOROCCO
r 32x1

Fig. l.
Location of sampling regions and site
numbers
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Fig. 2a, b. A.F. demagnetization patterns for two Quaternary rocks
samples. Open circles: vector end-points in the XY plane, crosses: vector
end-points in the XZ plane

and also in the ‘Causse moyen Atlas’, where it seems to be very
recent, sometimes lying in recent wadi terraces which, however,
have not yet been accurately dated.

Sampling and Measurements

Five or six hand samples were taken from each outcrop. The
orientation was recorded using a magnetic compass and also, if
possible, using a sun compass. The samples were then sawn into
50 mm cubes or cored to give standard 25 mm cylinders. The
measurements were made with an astatic magnetometer and a
Digico spinner.

The presence of a viscous remanent magnetization was checked
by two separate measurements as proposed by Thellier and Thellier
(1959). Usually the viscous component acquired in a fortnight
was less than 5% of the N.R.M.

The samples were then stepwise demagnetized by an alternating
field (A.F.) of up to 900 Oe. Some samples, of both Quaternary
and Miocene age, possessed a fairly stable single component of
magnetization (Fig. 2a), but other samples showed a strong sec-
ondary component which could usually be removed by A.F. de-
magnisation at about 250 Oe (Fig. 2b), revealing a more stable
component of magnetization. The within-site scatter was then

150

S 0°

Fig. 3a, b. Quaternary sites. a Site mean directions. Black symbols.
positive inclination, open symbols. negative inclination, circles. present
study, triangles: Hamzeh and Westphal 1973, star represents axial dipole
field. b Corresponding virtual geomagnetic poles (northern hemisphere).
Black symbols. normal directions, open symbols. reversed directions

180°

00

Fig. 4a, b. Miocene sites. a Mean site directions, b corresponding virtual
geomagnetic poles; same conventions as for Fig. 3

strongly reduced and a good characteristic magnetization could
be defined (Fig. 3).

For a few sites, mainly Quaternary basalts, secondary compo-
nents were too strong to be removed. The initial magnetization
seemed to have been destroyed and replaced by a very strong
magnetization which probably originated from lightning strokes.
The scatter of directions remained greater than acceptable and
these sites were discarded for the calculation of the overall mean
(Tables 1 and 2).

Discussion

A.F. demagnetization showed a final, stable, characteristic compo—
nent of magnetization for most of the samples. Secondary compo—
nents were either caused by lightning strokes, or for some samples.
by sawing or drilling effects, as shown by Burmester (1977) and
Lauer (1978). Tests made by acid leaching showed that this second—
ary magnetization was located near the surface of the sample.
A.F. demagnetization seemed to remove this component. The
characteristic remanent magnetization has either normal or re-
versed polarity near to the present field direction, probably parallel
to the original magnetization.
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Table l. Mean directions and poles for Quaternary sites

Mean direction.

N=10 Dm=14.5° Im:50.0o k:51.9 a95=6.7°

With bracketed results.

N=13 Dm: 8.8° Im=45.9° k=22.3 ocg5=8.9°

Mean pole.

N=10 77.10 N, 95.7o E k=36.6 a95=8.0°

Site N Dm (°) Im (°) k ocgs Poles
No./Loca1ity

lat (° N) long (° E) Polarity

Causse moyen atlasique

l/Azrou 6 Directions too scattered
2/Azrou 4 16 45 32 17 74 107 N
3/Azrou 5 29 57 162 6 66 68 N

4/Azrou (J. Hébri) 5 Directions too scattered
5/Timahdit 5 Directions too scattered
6/Timahdit 5 Directions too scattered
7/Oued Guigou 5 19 39 663 3 70 115 N
8/Foum Khneg 4 21 40 230 6 69 109 N
29/Sebâ-âyoun 6 10 45 552 3 78 124 N
24/Sidi Abdallah 6 Directions too scattered
25/Sidi Abdallah 5 Directions too scattered
26/Sidi Abdallah 5 14 56 230 5 78 71 N

Ras Tarf region
21/Ras Tarf 7 21 52 303 4 72 90 N
28/Ras Tarf 3 33 55 156 10 63 76 N

J. Guilliz

IO/J. Guilliz 3 (177) (— 39) (27) (24) (77) (190) R
*7/J. Guilliz 5 (168) (5) (8) (30) (51) (198) R
*8/J. Guilliz 4 (180) (—45) (19) (22) (81) (177) R

Mellila — Nador region
* 15/Tiraka (Nador) 5 162 — 52 97 8 75 262 R
27/Nador 5 180 —— 52 276 5 87 178 R

N=number of samples used in the statistic
Dm, Im=mean declination and inclination
k=Fisher precision parameter
195=radius of 95% confidence cone
Lat, long=1atitude and longitude of corresponding
virtual geomagnetic pole

Results

Quaternary Lavas

Most of the sites are on apparently recent flows from the Causse
Moyen Atlasique which all have normal magnetization. The be—
tween-site scatter is low and the mean direction is somewhat offset
to the east. The few other results are normal or reversed and
are nearer to the present north-south direction (Guilliz, Ras Tarf,
Mellila). The reversed directions are certainly older than the Ma—
tuyama-Brunhes transition. The mean pole positon is significantly
different from the present geographic pole.

N: normal polarity
R=reversed polarity
Bracketed results=low confidence mean directions
Starred sites=Hamzeh and Westphal (1973)
previous results

Miocene Lavas

Both polarities occur. The mean direction is centred in the present
north-south direction but the mean inclination is slightly lower
than that of the geocentric axial dipole field.

Special mention must be made of the two sites from Cap
des Trois Fourches which gave significantly different directions
from other sites. The difference may be explained in two ways;
either they may represent a true dirction of the field, or the flows
have been tilted by about 30° towards the north-east. This tilt
cannot be measured but is geologically realistic.

The mean pole position does not exactly coincide with the
present geographic pole. The difference is statistically significant
for the Quaternary sites but not for the Miocene sites.
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Table 2. Mean directions and poles for Miocene sites

Mean directions:

N=18 Dm2182.0° Im=—49.l° k=35.7 a95=5.9°

Including sites from Cap des Trois Fourches:

N220 Dm2177.9° Im2—51.7O [(222.1 19527.1o

Mean pole .'

N218 85.8O N, 161.5°E [(2296 195264"

Site N Dm (°) Im (o) k ags Poles
No./Loca1ity

lat (o N) long (O E) Polarity

J. Guilliz Region

9/J. Guilliz 5 182 —42 107 8 80 169 R

11/J. Guilliz 5 186 —53 895 3 85 97 R

12/]. Guilliz 5 160 —55 506 3 73 278 R

*1—2—5/J. Guilliz 13 167 —27 3075 2 67 210 R

*3/J. Guilliz 4 167 —56 410 5 80 280 R

*4/J. Guilliz 4 195 —47 259 6 76 108 R

*Guilliz 5 174 —54 627 3 85 264 R

Ras Turf region

22/Ras Tarf 4 10 24 784 3 65 152 N

23/Ras Tarf 5 Results too scattered

Mel/flu Nador region

13/Massif du Gourougou 5 194 —59 194 5 78 292 R

l4/Segangane 5 196 —46 50 11 74 112 R

l5/Ou1ad Minoun 5 177 — 59 490 3 85 331 R

(Gourougou)
16/Souk Télat 5 347 58 171 6 79 289 N

17/Atalayoum 6 179 —45 89 7 81 185 R

19/Amjar 4 19 47 114 9 72 106 N
20/Tidienit 8 201 —52 67 7 73 88 R

30/Té1at 4 350 39 59 12 74 211 N

31/Tidienit 4 213 — 58 1170 3 64 68 R

*lsaroualene (Nador) 5 174 —48 48 11 82 215 R

32/Cap des 3 Fourches 4 123 —60 687 4 45 293 R
18/Cap des 3 Fourches 5 107 —64 97 8 36 302 R

Same conventions as for Table 1.
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In Memorian

Wilhelm Hiller

*2. Februar 1899 T31. Juli I980

Wilhelm Hiiler hat in den Jahren 1919 bis 1923 in Stuttgart und
Tübingen Naturwissenschaften studiert. Seine Zulassungsarbeit
hat er bei E. Regener in Stuttgart angefertigt. Die damals am
Stuttgarter Physikalischen Institut sehr aktiv betriebene Erfor-
schung der Atmosphäre bildete für Wilhelm Hiller eine Brücke
zu seinem künftigen Arbeitsgebiet. Er trat im Jahre 1923 als wis-
senschaftlicher Mitarbeiter bei der meteorologisch-geophysika-
lischen Abteilung des Statistischen Landesamtes in den Dienst
des Landes Württemberg. Da die meteorologischen Routineaufga-
ben ihn nicht sonderlich begeisterten, nahm er im Jahre 1925
die Gelegenheit wahr. innerhalb der gleichen Institution auf das
Arbeitsgebiet der Erdbebenforschung überzuwechseln. 1926 hat
Wilhelm Hiller in Stuttgart über das Thema „Über die Geschwin-
digkeit der seismischen Oberflächenwellen bei Weltbeben. insbeu
sondere ihre Abhängigkeit von der geophysikalischen Beschaffen-
heit des durchlaufenen Weges“ zum Dr.-1ng. promoviert. Zu dieser
Arbeit war W. Hiller von K. Mack in Hohenheim bei Stuttgart
angeregt worden. An dieser Hochschule befand sich die erste Würt-
tembergische Erdbebenwarte. Berichterstatter der Arbeit waren
P. Ewald und A. Wigand.

Seit Mitte der zwanziger Jahre hat sich W. Hiller vor allem
dem Ausbau der Erdbebenbeobachtung in Südwestdeutschland

Journal of
GeOphysics

gewidmet. Wichtiger Markstein auf diesem Wege war die Errich-
tung der Stuttgarter Hauptstation. die im Laufe der Jahrzehnte
mit verschiedenen Seismographensystemen - der jeweiligen instru-
mentellen Entwicklung folgend ausgerüstet wurde. In Anerken-
nung dieser Leistung wurde Stuttgart im Jahre 1961 Station des
internationalen Beobachtungsnetzes (WWSSN). Der Ausbau des
Stationsnetzes für Nahbeben begann 1933 mit der Errichtung der
ersten Station im Erdbebengebiet auf der westlichen Schwäbischen
Alb in Meßstetten. Neben der Hohenheimer Station existierte bei
Hillers Dienstantritt nur noch eine Erdbebenwarte in Ravensburg.
Nach dem Kriege wurden die Stationen Meßstetten. Tübingen.
Ravensburg. Heidelberg und Feldberg/Schwarzwald neu eingerich-
tet bzw. ältere Seismographensysteme durch einen Instrumenten-
typ ersetzt. der von H. Berckhemer und W. Hiller gemeinsam
entwickelt worden war. Registrierungen der süddeutschen Erdbe-
benwarten bildeten den Anstoß für eine größere Anzahl von Unter-
suchungen. die sich mit der Seismizität und Seismotektonik Süd-
westdeutschlands beschäftigten. Die Ableitung des rezenten tekto-
nischen Spannungszustandes in der Erdkruste aus den Aufzeich-
nungen des Oberschwaben-Bebens im Jahre 1935 ziert heute viele
Lehrbücher der Geophysik.
In der zweiten Lebenshälfte trat für W. Hiller zu den laufenden
Aufgaben des Erdbebendienstes noch die Tätigkeit als Hochschul-
lehrer. Er habilitierte sich 1939 in Stuttgart. Nur durch Kriegs-
dienst und Kriegsgefangenschaft unterbrochen hat er das Fach
Geophysik seitdem in Stuttgart und später auch in Tübingen ver-
treten. 1950 wurde W. Hiller in Stuttgart. und 195? in Tübingen
zum Honorarprofessor ernannt. 1962 übernahm er den neu ge-
schaffenen Lehrstuhl für Geophysik in Stuttgart. Bis 1969 hat
er das Institut für Geophysik in Stuttgart und die geophysikalische
Abteilung des Statistischen Landesamtes Baden-Württemberg ge-
leitet. Unter seiner Obhut sind zahlreiche Diplom-. Zulassungs—.
Doktor- und Habilitationsschriften entstanden. Wenn auch die
seismologischen Themen vorherrschen. so werden aber auch an-
dere Themen aus dem Fachgebiet der Physik des Erdkörpers be—
handelt. Insbesondere seien hier die geomagnetischen Arbeiten
genannt. für die innerhalb der geophysikalischen Abteilung des
Statistischen Landesamtes eine langjährige Tradition bestand. Ar-
beiten in Gravimetrie. Geoelektrik. Ingenieurseismik und Radio-
metrie seien nicht vergessen.

In den Jahren nach dem 2. Weltkrieg hat sich W. Hiller mit
großer Energie und Ausdauer der nicht immer ganz leichten Auf"
gabe gewidmet. die Verbindungen zu den Kollegen im Ausland
wieder herzustellen. Daß dieses Wirken allgemeine Anerkennung
fand. drückt sich in seiner Wahl zum Präsidenten der Europäischen
Seismologischen Kommission für die Epoche 1951 bis 1956 aus.
Weiter sei an sein Wirken als Nationalvertreter und Mitglied in
zahlreichen nationalen und internationalen Gremien und Organi-
Sationen der Geophysik erinnert.

1951 bis 1953 war Wilhelm Hiller Vorsitzender der Deutschen
Geophysikalischen Gesellschaft.

Götz Schneider. Stuttgart
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Book Reviews

Pedlosky, J., Geophysical Fluid Dynamics, 1979. 180 figures, two tables
XII, 624 pages. Cloth DM 79.50; US S 43.80. Springer, Berlin Heidel-
berg New York, ISBN 3-540—90368-2.

This book is a thorough introduction to the theory of geophysical fluid
dynamics with special applications to large-scale flows in the atmosphere
and the oceans. It is based on the method of scaling which is consequently
applied to the equations of motion. Physical insight and intuition com-
bines with a vigorous mathematical analysis of the problems.

In the first two chapters basic motions of geophysical fluid dynamics
are explained with Special reference to the essential influence of the
Earth’s rotation to large-scale flow. Rossby number, vorticity, thermal
wind and geostrophic flow and degeneracy as elementary but fundamen—
tal topics are discussed at length in order to elucidate the principal
ideas on which geophysical fluid dynamics is founded. A first application
of the systematic approximation scheme obtained by scaling is given
in Chapt. 3 where the dynamics ofa thin rotating layer of homogeneous
inviscid fluid is studied. The influence of friction, i.e., of turbulent fluctu-
ations on a large-scale homogeneous fluid is examined in Chapt. 4 by
conventional use of Reynolds stresses and in Chapt. 5 by their applica-
tion to the wind-driven circulation of the ocean. In Chapt. 6 stratification
and compressibility are introduced and again systematic approximation
by scaling leads to the relevant equations for quasigeostrophic motion
ofa stratified fluid. Physical intuition is trained by preconceiving qualita-
tive aSpects of the motion which is necessary for a proper use of scaling
arguments. Chapt. 7 is devoted to instability theory as an essential base
for the explanation of growing fluctuations of the flow in the atmosphere
and the oceans. Finally Chapt. 8 gives a brief account of the theory
of ageostrophic motions, for example of frontogenesis. Graduate stu-
dents of dynamic oceanography and meteorology will sensibly profit
from studying the book because it is really an excellently written text
introducing to the basic ideas of geophysical fluid dynamics and to
their application to problems of current research. This title should also
be available in every geophysical library as an important reference book
on geophysical fluid dynamics. Helmut Wilhelm, Karlsruhe

Roberts, P.H., Soward, A.M.: Rotating Fluids in Geophysics. Academic
Press, London, 1978, ISBN 0-12-589650-6

This text evolved from the collected and revised lecture notes of a Sum-
mer School for post-graduate students in 1977, held on geophysical
problems of rotating fluid dynamics. Applications of the basic concepts
of this theory to the atmosphere and the oceans and to the generation
of magnetic fields in the stars and planetary cores, but also to laboratory
experiments are discussed. In order to give a brief account of the variety
of problems incorporated in this volume some topics may be mentioned
showing different aspects of rotating fluid dynamics, e.g., waves in homo—
genous and inhomogeneous fluids, baroclinic instability, frontogenesis,
ocean circulation, magnetohydrodynamic waves, kinematic dynamo,
convection in the Earth’s core, turbulence. These are only a few subjects
of a large number described in this book.

The scientist with Special interest in geophysical applications of
fluid dynamics will find a surprisingly broad spectrum of problems.
This book supports the highly valuable effort to create a deeper un-
derstanding of the different geophysical applications of rotating fluid
dynamics and to stimulate scientists working in this fascinating field.
Graduate students interested in fluid dynamics should be able to follow -

the mathematics leading from basic ideas to current research problems.
Helmut Wilhelm, Karlsruhe

Journal of
Geophysics

P. Brosche and J. Siindermann (editors), Tidal Friction and the Earth’s
Rotation, 242 pages, Springer, Berlin Heidelberg New York, 1978

The book contains the proceedings of a workshop, held in September
1977 at the University of Bielefeld. In addition to a historical summary
the twelve chapters of the book give an overview of the field both
from the theoretical and the observational point of view. They start with
three chapters on the classical techniques to obtain the temporal changes
of the length of the day due to tidal deceleration during historic times
including pre-telescopic, i.e., essentially eclipse observations, astronomical
observations after 1600 and recent observations. These are followed by
two chapters on the lunar laser ranging technique and gravimetric
measurements. The former has meanwhile been superseded somewhat
by more recent published results by the same authors. The latter chapter
on gravimetric measurements is much less detailed than the balance of
the book. The four following chapters are theoretical in nature with
reports on tidal friction in the solid earth but mainly on oceanic tides.
The three last chapters deal with changes of the length of the day
during geologic time using fossil organism and a final chapter on per-
tinent geologic and geophysical data in precambrian times. Altogether
the book constitutes a fine account of the status of the field which
is both interesting for workers in the field but particularly for research-
ers in neighboring fields, where it may serve as a detailed but suffi-
ciently concise account of recent developments in this very interesting
interdisciplinary field of ocean dynamics, geophysics, astronomy, geology,
geodesy and palaeontology. F.M. Neubauer, Braunschweig

Geothermics and Geothermal Energy. Editors: Ladislaus Rybach and Lajos
Stegena. Contributions to Current Research in Geophysics (CCRG) 7,
Reprinted from PAGEOPH. Birkhauser Verlag, Basel Stuttgart, 1979

The rapidly growing interest in geothermal energy for an alternative
energy source has raised many basic questions in geothermics, and stimu-
lated much work of earth scientists in this heretofore somewhat neglected
field. Especially, the necessity of contributions from many branches
of geophysics, geology and mineralogy to the basic understanding of
the causes, the development and the distribution of geothermal anoma-
lies, as well as to the various aspects of their tentative utilisation for
geothermal resources, has become evident.

For these reasons, a symposium ‘Geothermics and Geothermal En—
ergy’ was suggested by the International Heat Flow Commission (IHFC)
and held in August of 1977 at Durham, England at the occasion of
the General Assembly of the International Association of Seismology
and Physics of the Earth’s Interior (IASPEI) and the International Asso—
ciation of Volcanology and Chemistry of the Earth’s Interior (IAVCEI).

The reviewed volume contains most of the papers presented at that
symposium, supplemented by several papers intended for presentation
but not presented orally there.

It is subdivided into the sections: 1. General Geothermics, II. Re-
gional Heat Flow, III. Geothermal Potential, IV. Exploration, Charak-
terisation and Exploitation of Geothermal Resources, V. Geothermal
Effects of Hydrothermal Circulation.

Edited by two well-known specialists in this field and containing
contributions by authors from many nations, the volume provides a
full view on the international state of the art and is a well-fitting further
addition to the established series CCRG.

J.R. Schopper, Clausthal-Zellerfeld



|00000161||

J Geophys (1981) 49: 155—162 Journal of
Geophysics

Joint Two-Dimensional Observations of Ground Magnetic
and Ionospheric Electric Fields Associated
with Auroral Zone Currents
3. Aurora] Zone Currents During the Passage of a Westward Travelling Surge

B. Inhester1 *, W. Baumjohannl, R.A. Greenwald2**, and E. Nielsen2
1 Institut für Geophysik der Universität Münster, D-4400 Münster, Federal Republic of Germany
2 Max-Planck—Institut für Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. Ground magnetic perturbations and ionospheric electric
fields have been observed by the Scandinavian Magnetometer Ar-
ray and the STARE radars, respectively, during the passage of
a westward travelling surge in the late evening sector. On the
basis of these measurements, the three-dimensional current system
in the vicinity of the westward travelling surge is modelled. The
results support a current model recently proposed by Rostoker
and co-workers on the basis of purely magnetic ground-based
measurements. In particular, we can identify an upward field—
aligned current of about 5 >< 104 A in the head of the surge. Ahead
of the surge, we find a south-eastward directed electric field. Addi—
tionally, we have some evidence for the existence of a south-
westward directed electric field east of the surge. The latter may
be explained by the generation of polarisation charges at the north-
ern and southern boundaries of the higher conducting region east
of the surge’s head.

Key words: Scandinavian Magnetometer Array — STARE radars
— Westward travelling surge — Current system modelling

Introduction

In today’s understanding of polar ionospheric physics, the west-
ward travelling surge (WTS) is regarded as the optical signature
of the expansion of magnetospheric substorm energy from the
midnight into the evening sector. During the expansive phase of
a substorm (Akasofu 1964), energy is released in the form of
intensification of auroral arcs and ionospheric electrical currents
in the midnight sector. From here, the zone of intensified westward
currents spreads into the evening sector along the auroral zone.
The propagating head of the enhanced westward electrojet is
thought to coincide spatially with the fold of the WTS (Akasofu
et al. 1966, 1969).

Kisabeth and Rostoker (1973), Rostoker and Hughes (1979),
and Tighe and Rostoker (in press 1981) have studied models for
the ionospheric current flow associated with a surge and compared

Present addresses:
* Max-Planck-Institut fiir Aeronomie, D-34ll Katlenburg-Lindau 3,

Federal Republic of Germany
** Applied Physics Laboratory, Johns Hopkins University, Laurel, MD

20810, USA

them with ground magnetic perturbations, measured along a chain
of magnetometers. They found a localised, positive D deflection
in the magnetic variations to be characteristic of the passage of
westward travelling surges and explained it by an area of south-
ward ionospheric current travelling together with the auroral form.
As a consequence of their model current system, Rostoker and
Hughes (1979) predicted an eastward component of the ionospher-
ic electric field at the head of the surge. They assumed a westward
electric field behind the surge in agreement with electric field
measurements carried out with the Chatanika incoherent scatter
radar (Banks et a1. 1973; Horwitz et al. 1978).

In the present paper we present data of ground magnetic per-
turbations and ionospheric electric fields, measured simultaneously
in the Vicinity of a WTS that crossed northern Scandinavia on
27 March 1977 at approximately 19:00 UT (about 21 MLT).
Both magnetic perturbations and electric fields have been mea-
sured in a two-dimensional, horizontal plane. In earlier studies
of this series (Baumjohann et a1. 1980, in press 1981 ; Baumjohann
and Kamide in press 1981) it has already been shown that the
simultaneous two-dimensional observations of ground magnetic
and ionospheric electric fields have basic advantages over previous
observations when studying the three-dimensional current flow
associated with auroral electrojets. In this paper we will see that
simultaneous two-dimensional measurements help even more when
one attempts to understand the highly inhomogeneous and local-
ised current system associated with a westward travelling surge.

In the following we describe the temporal and spatial variations
of magnetic and electric fields during the passage of the WTS
and, on the basis of those measurements, we model ionospheric
and field-aligned currents and height-integrated ionospheric con-
ductivities and discuss the model in the context of previously
proposed models.

Instrumentation

The ground magnetic disturbance and ionospheric electric fields
have been observed by the two-dimensional Scandinavian Magne-
tometer Array (SMA) and the Scandinavian Twin Auroral Radar
Experiment (STARE), respectively. In addition, magnetograms
from observatories at Ny Älesund and Bjornoya were included
in this study. Optical recordings of the WTS have been performed
by all-sky cameras at Ivalo and in Abisko. A detailed description
of the SMA is given by Maurer and Theile (1978) and Küppers

0340-062X/81/0049/0155/5501.60
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Fig. 1. Locations of the magnetic stations used in this study. The trape-
zoids define the observation areas of the two STARE radars. The obser-
vational coverage of the two all-sky cameras used in this study is indicat-
ed by the broken circles (as defined by 70° zenith angle at 110 km
height). The axes define the Kiruna system (see text)

et al. (1979). For the STARE-radars, we refer to Greenwald et a1.
(1978).

The locations of the magnetometers and all-sky cameras, to-
gether with the approximate observation area of the latter at
110 km altitude (for a maximum zenith angle of 70 degrees) are
shown in Fig. 1. The figure also illustrates the observation area
of the two STARE radar antennas, situated at Malvik, near Trond-
heim, Norway and Hankasalmi, Finland, near the magnetometer
station SAU.

The STARE radars measure the Doppler shift of radar signals
scattered by plasma waves in the auroral E region (Farley 1963;
Rogister and D’Angelo 1970). The combination of the Doppler
shifts from both STARE radars give the plasma wave phase veloc-
ity perpendicular to the earth’s magnetic field with a spatial
resolution of roughly 20x40 km2. There is strong experimental
and theoretical evidence that the phase velocity measured coincides
with the E >< B — drift of E region electrons (Farley 1963; Rogister
and D’Angelo 1970; Ecklund et a1. 1977; Cahill et a1. 1978). Hence
the ionospheric electric field perpendicular to the earth’s magnetic
field can be derived. In order to observe auroral zone electric
fields with this type of radar the electric field must exceed a
threshold value in order to excite the plasma irregularities. Cahill
et a1. (1978) found threshold values of 15—20 mV/m for the STARE
radars. In regions where appreciable ionospheric currents are due
primarily to high conductivities rather than high electric fields,
as for example in auroral arcs (Evans et al.‘ 1977), one will not
observe radar auroral backscatter if the electric fields are below
the threshold.

The coordinate system in Fig. 1 and in all the other maps
in this paper is the Kiruna system of Kiippers et a1. (1979). The
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xKI axis of this system is chosen perpendicular to the revised
corrected geomagnetic latitude circle (Gustafsson 1970) through
Kiruna, Sweden, and points approximately 12° west of geographic
north. The magnetic disturbance and the irregularity drift vectors
have been transformed into the Kiruna system as described by
Kiippers et al. (1979). The horizontal components of the magnetic
disturbance in this system are denoted by A (along xKI, approxi-
mately north) and B (along yKI, approximately east). The auroral
structures in the all-sky camera pictures have also been mapped
into the Kiruna system under the assumption that their lower
border is at a mean altitude of 110 km (Boyd et a1. 1971).

Observations

On 27 March 1977 a weak substorm commenced in the midnight
sector at 19:00 UT. The magnetometer stations at Kharasavey
and Tambey on 145° geomagnetic longitude recorded a sharp
100 nT decrease in the H component at that time (A.N. Zaitsev,
private communication). About 15 min later, a WTS passed over
northern Scandinavia, its head travelling with a speed of roughly
800 ms‘ 1.

Magnetograms from the latitudinal line of magnetometers
ranging from station OUL to SOY (see Fig. 1) and BJN (about
500 km north of SOY), are shown in Fig. 2. They are governed
by a southward moving eastward electrojet before the onset at
19:00 UT. Afterwards, the eastward electrojet intensifies but the
influence of the simultaneously growing westward electrojet keeps
the A component of the northernmost stations SOY and MAT
from exhibiting large deflections. The passage of the WTS is indi-
cated in the B component by a small peak of 15 nT, embedded
in the general substorm variation.

Figure 3 shows the irregularity drift pattern and the ground
equivalent current vectors observed during the passage of the WTS
for three successive instances of time. A remarkable similarity
between the irregularity flow direction and the auroral structures
can be seen as soon as the WTS enters the field of view of the
STARE antennas. In the immediate vicinity of the auroral luminos—
ity an irregularity drift that is more or less parallel to the auroral
form can be found. Hence, the electric field is perpendicular to
the auroral structures, as is expected if electrons precipitate strong—
ly into the auroral form. No irregularity drift could be measured
in the region east of the surge’s fold due, probably, to a sub-
threshold electric field in this region. As mentioned above, the
irregularity drift vectors can be identified with the E >< B — drift
of ionospheric electrons. Hence, lines of constant electric potential
in the plane of the ionosphere coincide with the flow lines of
the irregularity drift vector field. Apparently, the auroral form
coincides approximately with one of those equipotential lines. If
this potential contour were to be extrapolated into the region
east of the WTS, where no irregularity drift is detected, a weak
southward and westward irregularity flow could be assumed in
this region. This assumption is supported by the observation of
westward electric fields, or southward electron drifts after the
passage of a WTS using the incoherent scatter technique (Horwitz
et al. 1978).

The ground equivalent current pattern in the lower part of
Fig. 3 is more difficult to relate to the auroral structure, as it
is governed by the eastward electrojet flowing south of the surge.
Unfortunately, the surge passes along the Scandinavian coastline
and the magnetic measurements do not cover the area north of
the WTS. Still, an enhancement of the westward component of
the equivalent current near the northernmost stations is observ-
able, after the head of the surge has passed, indicating the intrusion
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of the westward electrojet. The pronounced positive D disturbance
or southward equivalent current component immediately ahead
of a WTS as found by Kisabeth and Rostoker (1973) is not seen
in Fig. 3. Instead, there is an overall negative D or northward
equivalent current component, that stays stable during the passage
of the surge and is probably not related to the WTS.

After 19:20 UT, the auroral structures became barely detect-
able against the sunlit western horizon. However, as long as the
surge can be traced on the all-sky camera pictures, it seems to
maintain its shape, except for a slight de-folding, as can be seen
in Fig. 3. In addition, the irregularity drift and equivalent current

YKI [km] ——>

vector fields obviously remain constant relative to the location
of the surge. This suggests a stationary pattern for the WTS and
the electric and magnetic perturbations related to it which drifts
with the WTS. In order to display this behaviour clearly, the
auroral luminosity structures and vector fields for the times of
Fig. 3, including 19:11 UT, were superimposed on each other
in the moving frame of the WTS. The result is shown in Fig. 4,
where we have plotted electric fields instead of irregularity drifts
and have removed the above mentioned stationary and homoge-
neous bias of —20 nT in the B components. We did not include
in the electric field the Lorentz-force due to the motion of our
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Fig. 4. Spatial distribution of electric field vectors (middle panel), equiva-
lent current vectors on the ground (lower panel) and auroral luminosity
structures (upper panel) for the times of Fig. 3 and 19:11 UT plotted
one above the other under the assumption of a stationary pattern, drifting
with the WTS (relative locations at different times are given by the
+ signs in the upper panel)

reference frame relative to the earth’s magnetic field, because it
is not the ionospheric plasma that moves with the surge, but
rather the source of its luminosity.

Figure 4 demonstrates the basic results of our observations.
The surge basically maintains its shape during the 8 min of its
observation. In its vicinity, the electric field is modified to be
normal to the auroral structure. The area around the WTS can
be divided into three regions: northward directed electric fields
south of the WTS, southward directed fields in the north and
the west, with an increasing eastward component near the head
of the surge. Presumably, a sub-threshold westward directed elec-
tric field is located in the fold east of the surge. The observed
electric fields are in accord with incoherent scatter measurements
(Banks et al. 1973; Horwitz et a1. 1978), except that we see an
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unusually large eastward electric field ahead of the surge as com—
pared to the sub-threshold field behind it. In contrast, Banks
et al. (1973) reported westward electric fields of 15 mV m’ 1 after
the passage of a surge, while there was no enhancement of the
eastward component ahead of the surge. From Fig. 4 it is seen
that the area of eastward electric fields ahead of the surge has
a longitudinal extent of only 100—200 km. Since the surge propa-
gates with a typical speed of 50km min—1, a time resolution
of better than 3 min would be needed for a radar to detect the
eastward field region. Moreover, the radar-beam must be directed
into the correct spatial region relative to the shape of the WTS.
In the operating mode used by Banks et al. (1973) and Horwitz
et al. (1978) the Chatanika incoherent scatter radar required more
than 2 min integration time in order to give a reliable electric
field value at one point. Thus it is quite probable that they were
simply not looking in the right place at the right time in order
to observe the eastward electric field ahead of the surge. On the
other hand, incoherent scatter radars are not limited to observing
electric fields above some threshold value, such as STARE is.
So Banks et al. (1973) and Horwitz et al. (1978) were able to
observe the region of weaker westward directed electric field be-
hind the surge, which obviously must have had a greater longitudi-
nal extent than the region of the eastward electric field.

The equivalent current in our observations is dominated by
the eastward electrojet flowing in the region of northward directed
electric field south of the WTS. The influence of the advancing
westward electrojet can be seen in the northeast. In the transition
region, we find a slight southward current component immediately
ahead of the surge, and an increasingly northward component
of the ground equivalent current behind it. This behaviour in
the north-south current flow is consistent with the observed peak
in the B component that is seen in the magnetograms in Fig. 2
at that time, when the surge passes over the magnetometer profile.
Kisabeth and Rostoker (1973) found this variation to be typical
of a WTS passage, although the magnitude of the peak that we
observed is small compared with their observations. On the other
hand, above the region of positive B ground magnetic variation,
there obviously exists an eastward electric field. This field may
drive a southward Hall current giving rise to a strong positive
B deflection, according to the model proposed by Rostoker and
Hughes (1979). In order to resolve the effects quantitatively, esti-
mates of the distribution of ionospheric conductivities relative
to the surge must be included.

Numerical Models

As has already been extensively discussed in the early papers of
this series (Baumjohann et al. 1980 in press 1981; Baumjohann
and Kamide in press 1981) it is possible to significantly restrict
the large number of equivalent current systems that may fit ground
magnetic disturbances. This is accomplished by combining two—
dimensional measurements of the magnetic variations made by
the SMA and ionospheric electric fields observed with STARE.
In order to find a probable three-dimensional current system that
is consistent with the ground magnetic variation and the iono—
spheric electric field measurements, we modelled the ionospheric
current system numerically.

For the calculations, the ionospheric plane at 110 km height
(Kamide and Brekke 1977) was divided into cells of 50 >< 50 km2
with a constant height—integrated conductivity, electric field and
current density. The divergence of the horizontal currents between
different cells gives the field-aligned current flow. The ground
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equivalent current is calculated using a Biot-Savart integration
over the horizontal and field-aligned currents of all cells.

We initiate the modelling procedure by assuming a distribution
of magnetic field-aligned columns of electrical charges above the
ionospheric plane. The distribution of these column charges was to
be simply related to the auroral form and consistent with the
electric field pattern observed by STARE. Figures 5a and 6a show
two different charge distributions that satisfy these criteria. In
both cases negative charges are spread along the auroral form
of the surge with an accumulation of column charges in the surge’s
head, this being necessary to create the eastward electric field
component ahead of the surge. It was also found necessary to
introduce a line of negative column charges along the eastward
extension of the surge’s hook in the southeast, in order to reduce
the electric field magnitude east of the surge’s head to sub-thres-
hold values, as seen by STARE. The uncertainty of the electric
field in this region gives rise to the two different models displayed
in Figs. 5 and 6 (henceforth called models A und B). The two
models differ with respect to the relative strength of the column
charges north and south of the region of sub-threshold fields,
east of the surge’s head. Model A has, according to the luminosity
distribution of the surge, the stronger column charges in the north

and consequently has a north-west directed electric field east of
the surge of less than 15 mV/m in magnitude (see Fig. 5b). Model
B has the stronger column charges along the southern border
of that region, so that the southward electric field from the north
can penetrate and gives rise to a sub-threshold, south-west directed
electric field (see Fig. 6b). Thus both models give a westward
electric field in the region east of the surge, as was to be expected,
but differ with respect to the north-south component of the electric
field in this region.

The variation of the ionospheric height-integrated conductivity
was chosen such that the ionospheric current, following Ohm’s
law, together with the resultant field-aligned current distribution
should reproduce the magnetic disturbances seen on the ground.
Additional information is supplied from rocket measurements
(Reme and Bosqued 1973; Meng et al. 1978), which have found
a strong precipitation of energetic (>5 keV) electrons into the
head and the region east of the surge. Restricting ourselves to
a simple model, we therefore assumed homogeneously distributed
height-integrated conductivities, except for the disturbed region
of the surge’s head and east of it. In order to find quantitative
agreement between the modelled and the measured ground mag-
netic disturbances, we had to take a value of 5.6 Q- 1 for the un-
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Fig. 6. Parameters of the model current system B and resultant equivalent current vectors on the ground; otherwise same as Fig. 5

disturbed height-integrated Hall conductivity and 2.8 Q“ for the
Pedersen conductivity. Furthermore, we achieved consistency only
if an enhanced Hall conductivity of 11.2 9—1 was assumed in the
entire region of sub-threshold electric fields inside and east of the
Surge. For example, a Hall conductivity distribution that gradu-
ally decreases to the undisturbed conductivity from the surge’s
head towards east, does not reproduce the westward equivalent
current flow measured behind the surge. The Pedersen conduc-
tivity in the disturbed region was set on the undisturbed value
of 2.8 Q- 2. As the model ground magnetic disturbances are insen-
sitive to changes of the Pedersen conductivity in this region, this
part of the model is somewhat uncertain within a factor of two.
The variation of the conductivities used in the model calculation
is shown in Figs. 5c and 6c. Basically, the assumed conductivity
is in accord with measurements of electron density height-profiles
by incoherent scatter radars. These show that in an undisturbed
night time auroral ionosphere the height-integrated Hall conduc-
tivity varies from 3—6 Q“ and the ratio of ZH/ZF is about 2
(Banks and Doupnik 1975).

Figures Sd—f and 6d—f show the ionospheric height—integrated
current resulting from Ohm’s law, the field-aligned current density
resulting from the divergence of the ionospheric current and the
ground equivalent current calculated from the former by means
of a Biot«Savart integration. Both models show eastward and
westward current flow in the south and north, respectively, but
the models have different currents in the region of enhanced con-

16[}

ductivity east of the surge. In model A, the eastward electrojet
penetrates into this region and there are almost no field-aligned
currents at the southern border of the region of enhanced conduc-
tivity. The electrical charges along the southern borderline, (see
Fig. 5a) can, for this model, be consistently eXplained as polarisa-
tion charges which result when the north-eastward directed electri-
cal current flow crosses the conductivity gradient. The resultant
electric field difference on both sides of this borderline keeps
the current flow divergence-free. If this model is correct, a net
northward shift of the east~west current system should be observed
after the passage of the surge. In model B, there is a westward
current system behind the head of the surge, leading to an upward
directed field-aligned current totalling 4x IÜ4 A in the center of
the surge. For the westward electrojet we find a total current
of 5.5x 104 A, which is small compared with typical electrojet
current strengths. Additionally, there are upward field-aligned cur-
rents along the northern and southern border of the region of
enhanced conductivity, where we assumed negative electrical col-
umn charges. The second model clearly brings about an increase
in the westward current flow after the passage of the surge.

A comparison of the model ground equivalent current systems
with the measured equivalent currents in Fig. 4 shows clearly that
model B is the more realistic one.

Model A does not reproduce the observed change from east-
ward to westward equivalent current flow, or the positive to
negative A variation observed by a magnetometer station under-
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neath the surge. Both of these features are observed in the equiva-
lent current system of model B. The observed increase in the
northward current flow east of the surge is also consistent with
model B. In contrast, some details of the measured equivalent
current system are not reproduced very well by model B. One
feature is the very homogeneous eastward current south of the
surge. We feel, that such details could be reproduced only if our
assumed model were made more complex and that the necessary
changes in the model would not bring about any basically new
feature in the surge’s current system.

Discussion

In the preceding sections, we have presented data on the ionospher-
ic electric field and ground equivalent current associated with
a westward travelling surge. We have constructed a model for
the three-dimensional current system, consistent with our data
and previous measurements of the ionospheric electric field (Banks
et al. 1973; Horwitz et al. 1978) as well as measurements of elec-
tron precipitation (Reme and Bosqued 1973; Meng et al. 1978)
near a WTS.

This model (model B of the previous section, shown in Fig. 6)
strongly supports the results of Rostoker and Hughes (1979), who
identified the WTS with the intrusion of an upward field-aligned
current, fed by the westward electrojet and the recent, more refined
modelling of Tighe and Rostoker (in press 1981). As their models
are based on ground magnetic observations alone, they propose
ionospheric electric fields consistent with the current flow. This
electric field is directed towards the south-east in a localised region
inside and ahead of the WTS. Evidence for the existence of this
field is obviously given by our measurements (see Fig. 4). East
of the surge, Rostoker and Hughes (1979) assumed a south—west
directed electric field, driving a westward current. The existence
of this field can be verified only indirectly from our modelling
and not directly by STARE, as the field was below the threshold
of the STARE radar in this particular example. Incoherent scatter
measurements (Banks et al. 1973; Horwitz et al. 1978) have shown
that the electric field in this region has a westward component.
In our case, a north-west directed electric field (as in model A
of the previous section) has had to be discarded, as it does not
lead to currents that reproduce our magnetic measurements, where-
as a south-west directed electric field gives suitable agreement.

Another model for the surge’s ionospheric current system has
been proposed by Kisabeth and Rostoker (1973). They explained
the ground magnetic variations observed during the passage of
a surge as a step-like northward displacement of the westward
electrojet. This displacement would be similar to the distortion
undergone by a pre-existing auroral arc during the passage of
the surge. They include no net field-aligned current in their model
current system, and the westward electrojet flows further into
the evening sector. Their model resembles somewhat our model
A of the previous section with which our magnetic measurements
are not in agreement.

An essential feature of the magnetic measurements in Kisabeth
and Rostoker (1973) and Rostoker and Hughes (1979) is a positive
D deflection under the head of the surge. The fact that we observe
it only very weakly is no basic contradiction to Rostoker and
Hughes’ results. We could easily have produced a larger D deflec-
tion in our model, if we had extended the region of enhanced
conductivity a little further to the west. In fact, Hughes and Ros-
toker (1979) assumed that a segment of the south-east directed
electric field was located inside the head of the surge, whereas
we measure it outside the region of auroral luminosity. The magni-

tude of the D deflection on the ground is therefore likely to depend
critically on the correlation of the ionospheric electric field and
the ionospheric conductivity near the head of the surge.

It may be quite interesting to relate the present results (model
B of the previous section, shown in Fig. 6) to those reported
by Baumjohann et al. (in press 1981) concerning a WTS in the
process of being formed, i.e., local auroral breakups. These authors
clearly showed that during the auroral breakup a strong south-
ward directed polarisation field, caused by the high electrical
conductivity associated with the active aurora, was superimposed
on the quiet-time north-westward directed electric field, thus re-
sulting in a total south-westward directed one in the breakup
region. This is strikingly similar to what can be concluded from
our observations and model calculations, i.e., during the pas-
sage of the WTS the previously northward directed electric field
south of the auroral are turned over to a south-westward direc-
tion, thus exhibiting the presence of a southward polarisation
field in the higher conducting region. The polarisation charges at
the boundaries of the higher conducting region (which are cre-
ated by a northward Hall current driven by the westward electric
field behind the surge’s head) may be identified in Fig. 6a. Here,
the negative charges at the northern boundary within the au-
roral structure are reduced (if compared to those ahead of the
WTS) due to the presence of positive polarisation charges and
negative polarisation charges can be seen at the southern boundary
of the higher conducting region. Since in our case the conductivity
enhancement and therefore the southward polarisation field is
minor compared to that reported by Baumjohann et a1. (1981),
the westward Cowling current behind the surge is also compara-
tively weaker than the strong jetlike Cowling current observed by
those authors.
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Current Flow in Auroral Forms Responsible for Ps 6 Magnetic Disturbances

G. Rostoker and K.S. Apps
Department of Physics and Institute of Earth and Planetary Physics, University of Alberta, Edmonton, Alberta T6G 2J1, Canada

Abstract. In this paper we use magnetometer and riometer data
from an east-west station array to evaluate the location of energetic
(keV) electron precipitation with respect to the region of equator—
ward ionospheric current flow responsible, in part, for Ps 6 mag-
netic disturbances. Using cross-correlation techniques we show
that, for clear cut cases, the region of maximum energetic electron
precipitation is colocated with the region of equatorward iono—
spheric current flow responsible for the positive D-component
perturbation characteristic of the Ps 6 disturbance. This observa-
tion is consistent with the model of Kawasaki and Rostoker (1979)
for Pa 6 disturbances which attributes the magnetic perturbation
to a longitudinally localized three-dimensional current system in-
volving anti-parallel Birkeland current sheets linked by an equator-
ward ionospheric current.

Key words: Aurora - Ps 6 magnetic disturbance — Auroral electro-
jet — Three-dimensional current system
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Introduction

Ps 6 disturbances are normally seen as quasi-periodic pulses in
the auroral zone magnetic field which occur at times of intense
auroral electrojet activity. The disturbances have their maximum
occurrence frequency at approximately local magnetic dawn (Ros-
toker and Barichello 1980) and tend to be detectable more often
in the summer months than the winter months. Their quasi-period-
ic nature has caused some researchers to class them as magnetic
pulsations (Saito 1978), however a Ps 6 disturbance may occur
as an isolated Spike so that it may be more correct to regard
them as impulsive localized perturbations of the westward auroral
electrojet.

Figure 1 shows a typical example of a sequence of Ps 6 distur-
bances recorded on 27 October 1977 over the Alberta sector. The
geomagnetic coerdinates and code names of the stations are listed
in Table 1. There are three episodes of Ps 6 activity over this day.
The first involves an interval from 1100—1215 UT during which
several] events occurred in a quasi—periodic fashion. The second
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Table l. Geomagnetic coordinates and code names of stations in the
Alberta array

Station Code Geomagnetic
name

Latitude (”N) Longitude (“13)

Fort Providence PROV 67.5 292.0

Hay River HAYR 6?.3 294.3

Fort Smith SMIT 67.3 300.0

Uranium City URAN 67.4 304.3

Fort Chipewyan FTCI—l 66.3 302.1

Fort McMurray MCMU 64.2 303.5
Leduc LEDU 60.6 302.9

Fig. 2. Three dimensional model current system proposed by Kawasaki
and Rostoker (1979) to explain Ps 6 disturbances (after Kisabeth and
Rostoker 19??)

episode involves a single isolated Ps 6 event occurring near 1400,
while the third episode involves another sequence of quasi-periodic
variations from 1440-1620. In keeping with the characteristic
behavior of Ps 6 disturbances, most of the perturbation is in the
D- and Z-components with relatively little in the H—component.
Nonetheless, the negative H—perturbation prevailing during the
Ps 6 events indicates the presence of significant westward electrojet
current flow over the stations of PROV, HAYR and SMIT.

Both Kawasaki and Rostoker (1979) and Baumjohann (1979)
have associated Ps 6 disturbances with auroral Q—bands in which
there is a strong equatorward ionospheric current flow. Kawasaki
and Rostoker (1929) have estimated the east-west scale size of
the current carrying region to be of the order of 5°—10° at 6?.5" N,
with the location of the equatorward current flow drifting eastward
at NUE—2.0 km 5—1. The actual best model of the current system
responsible for these perturbations has recently been the topic
of some controversy. Kawasaki and Rostoker (1979), based on
a limited amount of riometer data, concluded that energetic elec-
tron precipitation was maximal in the region of maximal equator—
ward ionospheric current flow, which led them to a model current
system of the type shown in Figure 2. In this model it is suggested
that either; (i) A patch of precipitating energetic electrons drifts
eastward through a region of southeastward directed electric field
under the combined influence of gradient and ExB effects; (ii)
The electric field which is normally southward is perturbed toward
the southeast over a time scale of a few minutes, after which
it returns to its southward configuration. The region in which
the perturbation takes place has a high background ionospheric
conductivity; (iii) The arrival of a patch of precipitating energetic
particles coincides with a southeastward perturbation of the elec-
tric field.
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Fig.3. D-component records from the east-west arm of the Alberta
array for an expanded time scale of 1h centered on 1400. The Ps 6
is clearly evident just prior to 1400 with the delay in response from
PROVto SMIT of 4.9 min pointing to an eastward propagaticm velocity
of ~1.2 km/s

The key point to which this model addressed itself was the
fact that Ps 6 disturbances do not significantly influence the H-
component of the field. This strongly suggested that the perturba-
tion is due primarily to equatorward current flow.

More recently Gustafsson et al. (1981) have suggested that
Ps 6 disturbances are due solely to ionospheric Hall currents, based
on the contention that the energetic electron precipitation coin-
cides with a region to the east of the equatorward ionoSpheric
current flow. They claim that the Ps 6 disturbance is caused by
the development of an eastward electric field component which
drives an equatorward Hall current that closes through the iono-
Sphere in the region of enhanced conductivity due to precipitating
electrons. The purpose of this paper is to study, in detail, several
Ps 6 disturbances using both ground magnetometer and riometer
data to investigate the location of the precipitating energetic elec-
trons with respect to the region of equatorward ionospheric current
flow.

Presentation of Data

We shall present data from two separate days which contain four
distinct intervals of Ps 6 activity. For each event we shall present
detailed plots comparing the positive D-component perturbation
and the riometer perturbation associated with that event. We shall
then present the cross-correlation between the riometer and D-
component magnetometer, from which quantitative estimates of
the displacement of the D-component peak and the maximum
riometer deflection will be derived.

The first event we shall present is an isolated Ps 6 event which
occurred just prior to 1400 UT on 2? October 19?? The normal
magnetograms for the Alberta array stations are shown in Fig. l.
The event is clearly visible in the D«component at PROV, HAYR,
and SMIT. However the degree to which these disturbances can
be spatially localized is clearly evident in comparing the perturba-
tion patterns at PROV, HAYR, and SMIT with those at the
stations of FTCH and MCMU just to the south. It is interesting
to note the extremely large amplitude Pc 5 oscillation at MCMU
which is barely detectable along the east-west line (PROV, HAYR,
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Fig. 5a—c. Cross-correlation function and autocorrelation functions for the riometer and D-component disturbances over the interval 1345—1400
on 27 October 1977. The number 35 refers to the number of data points used, the sample interval being 12.8 s. Any ramps in the original data
have been removed during the course of the analysis. a at PROV; b at HAYR; c at SMIT and over the interval 1348—1403. The interval is
changed slightly to take into account the propagation of the disturbance

SMIT). It is quite possible that the same occurrence which trig-
gered the Ps 6 was responsible for providing the energy for the
resonant oscillation near MCMU. Figure 2 shows the east-west
line D-component data for the hour centered on 1400. The delay
times for the appearance of the D-component peaks clearly indi-
cate propagation from west to east, in accordance with the results
of Kawasaki and Rostoker (1979). Figure 4 shows a detailed com-
parison between the D-component and riometer traces at PROV,
HAYR, and SMIT. It is clear that there are well defined riometer
responses associated with each D—component pulse and that the
event maintains its structure over the 8° between PROV and SMIT.
Finally we show in Fig. 5 the cross correlations between the D-
component and riometer time series for PROV, HAYR and SMIT
as well as the autocorrelations (which serve to demonstrate the

degree of noisiness of the data). It can be seen that, for all three
stations, the riometer leads the D-component of the magnetometer.
This would imply that the precipitation starts slightly in advance
of the buildup in equatorward current. However the actual delay
times are 1.3 min for PROV, 0.6 min for HAYR and 0.6 min
for SMIT. In light of the fact that the D-component has positive
values above 50% of its maximum achieved value for a period
of ~4 1/2 min, it is apparent that the delay between the D-compo-
nent peak and riometer maxima is rather small. On the basis
of this event, we would suggest that the D-component peak (and
therefore the region of equatorward flowing ionospheric current)
is approximately coincident with the region of energetic electron
precipitation.

We now consider a second event which consists of a series
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of Ps 6 disturbances which occur over the interval 1100—1215
on 27 October 1977. Figure 6 shows the cross-correlation and au-
tocorrelation functions for the D-component and riometer time
series for the stations of PROV, HAYR, and SMIT For this
case there is more than one peak in the autocorrelation function,
indicating that more than one Ps 6 spike occurred in the interval
over which the cross-correlation funds are computed. The form
of the cross—correlation function changes from station to station
in this case, indicative of the fact that the perturbation pattern
changes significantly over the east-west extent of the array. Howev-
er the central peak is well defined in all cases, and indicates that
the riometer leads the D-component magnetometer trace by
1.1 min at PROV, 0.9 min at HAYR and 0.7 min at SMIT Once
again we would contend that the D-component positive peak and
the riometer maximum are effectively coincident.

Our third event consists of a series of Ps 6 disturbances which
occur over the interval 1440—1620 on 22 October 1977. Figure 7
shows the cross-correlation and autocorrelation functions for the
D-component and riometer time series for the stations of PROV,
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HAYR, and SMIT The location of the peak in the cross—correla-
tion function varies around the zero-lag marker. The riometer
leads the D-magnetometer disturbance by 1.1 min at PROV and
by 1.1 min at HAYR while it lags the D-disturbance by 0.7 min
at SMIT Again we would claim that the D—component positive
peak and the riometer maximum are coincident. We point out
that the coincidence between the positive D-component peak and
the riometer maximum is observed both early in the morning
sector (~ 1100) as well as later (~ 1600).

To conclude this section on the observations, we present data
from 30 January 1977 to demonstrate the variability of Ps 6 signa-
tures over an east-west extent of ~ 12° at auroral zone latitudes
(~67.5° N). Figure 8 shows the magnetograms over the morning
hours in the Alberta sector. While we shall analyse the event
visible at PROV shortly after 1,400 (and at SMIT and URAN
at slightly later times due to the propagation effect), it is useful
at least to mention the fact that some disturbances do not maintain
their structure across the array. For example, there is a clear
sequence of three Ps 6 pulses at URAN between 1345 and 1415
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with a corresponding structure being identifiable at SMIT. Howev-
er, at PROV at least one of the three pulses is absent. Another
example of such longitudinal localization can be seen by examining
the two Ps 6 pulses observable at PROV shortly after 1.500. At
least one of these pulses has vanished by the time the disturbance
reaches SMIT. We can therefore see that the observation of a
Ps 6 at a given longitude does not guarantee the continued ex-
istence of the structure as little as 5Ü of longitude away.

Continuing with the analysis of this day, we show in Fig. 9
the D-component disturbance and the riometer response on an
expanded scale over the two hour interval centered on 1400.
Clearly the magnitude of the D-component perturbation drops
by a factor of «Q from PROV to SMIT and the clear riometer
response at PROV is complemented by a barely visible response
at SMIT. The cross-correlation and autocorrelation functions for

the D-component and riometer time series are shown in Fig. 10.
While the PROV crossncorrelation function peaks at zero lag (indi-
cating that the peak D-component perturbation occurs at the time
of maximal riometer response), the response at SMIT is rather
different with the riometer appearing to lag the Dacomponent
by 3.4 min. This indicates that the energetic electron precipitation
does not always correspond clearly to the region of maximum
equatorward ionospheric current flow. In this particular case we
note that the riometer response at SMIT is barely (if at all) identifi-
able. It is indeed possible that the cross-correlation function is
dominated by the general cosmic noise absorption background
in this case, rather than by a burst of electron precipitation asso-
ciated with the Ps 6 disturbance. Nonetheless. this event points
to the fact that caution must be exercised in comparing riometer
and magnetometer data even when array data are available.
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Discussion and Conclusions

In this paper we have shown that the region of maximum equator—
ward ionospheric current flow in a Ps 6 disturbance occurs, in
most cases, in the same region of space where the energetic electron
precipitation maximizes. This is not in agreement with the observa-
tions of Gustafsson et a1. (1981) but is in accord with the earlier
contentions of Kawasaki and Rostoker (1979). We should like
to note however, that we are still not in a position to distinguish
uniquely between the real current systems proposed by Gustafsson
et a1. and Kawasaki and Rostoker. The results of Gustafsson et al.
pointed to maximal electron precipitation in the region adjacent
to the region of maximum equatorward current flow, and therefore
they concluded that the southward ionopheric current was part
of an ionospheric Hall current cell with poleward Hall current
flowing both to the east and west of the equatorward current
flow. Our results disagree with the observations of Gustafsson
et al. but cannot disprove their model. It is possible, for example,
that less energetic electron fluxes precipitate to the east and west
of the region of equatorward current flow. Large fluxes of electrons
having energies of a few keV can strongly influence E-region con-
ductivity while barely penetrating to the D-region (which has the
most influence on cosmic noise absorption). In fact, the only
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difference between the two models in question lies in the behaviour
of the ionospheric equatorward current as it approaches the equa-
torward boundary of the auroral oval. In the model of Kawasaki
and Rostoker, the ionospheric current would diverge up the field
lines into the magnetosphere while in the model of Gustafsson
et al. the current would be deflected to the east and to the west,
eventually forming closed Hall current cells in the ionosphere.
It is important to note that the model current systems in question
produce effectively the same horizontal magnetic perturbation pat-
tern at the earth’s surface. Only the vertical component of the
perturbation field could distinguish between the models, with the
model involving ionOSpheric closure currents being expected to
show weak Z—component edge effects associated with the northward
Hall currents on either side of the heart of the Ps 6 disturbance
region. Such edge effects would be extremely difficult to identify
in a disturbed auroral oval, typical of the conditions in which
Ps 6 disturbances occur.
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Correlation of Geomagnetic Activity Indices ap with the Solar Wind Speed
and the Southward Interplanetary Magnetic Field

H. Schreiber
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Abstract. Correlation studies were carried out wit the geomag-
netic activity index ap, the solar wind velocity v and the south-
ward interplanetary magnetic field (IMF) component, using a
comprehensive interplanetary data set for the years 1963—1975.
The calculations show that ap is best represented by the sum of
two terms, one proportional to the second (or higher) power of
u and to the first (or higher) power of the IMF southward
component. The second term is proportional to 02 only and
contains the main part of the semiannual ap variation. The two
terms may be regarded as indicators of two different mecha-
nisms of energy transfer from the solar wind to the magneto-
sphere.

Key words: Geomagnetic activity — Solar wind velocity — In-
terplanetary magnetic field — Semiannual wave of geomagnetic
activity

Introduction

The three-hourly geomagnetic planetary indices Kp and ap
were defined by Bartels (reviewed by Siebert 1971) to be a
measure of the solar corpuscular radiation. When in situ obser-
vations of the solar wind became available it turned out that
these indices were indeed a measure of the influence of the
solar wind on the geomagnetic field. Snyder et al. (1963) calcu-
lated a correlation coefficient of 0.73 between the daily average
solar wind velocity v and the daily sum of Kp. In later years
this relation was confirmed with more spacecraft measurements
(Wilcox et al. 1967; Olbert 1968; Ballif and Jones 1969). In
these studies, however, it was found not only that the solar
wind velocity influences geomagnetic activity, and that other
parameters of the interplanetary medium such as the interpla-
netary magnetic field (IMF) and its directions and fluctuations
are also related to geomagnetic indices, but also that geomag-
netic activity correlates better with some of these parameters
than with the solar wind velocity.

The relationship of the IMF fluctuations to geomagnetic
activity was studied by Ballif and Jones (1969), among others,
indicating high correlations between the standard deviation of
the IMF components transverse to the sun-earth line and Kp.
On the other hand Garret (1974) emphasized the importance
of the variance of the IMF for the magnitude of geomagnetic
activity.

In connection with theories of field line reconnection or
merging of a southward interplanetary magnetic field with the
geomagnetic field, the importance of the IMF north-south com-
ponent for increasing geomagnetic activity was studied in sev-
eral papers. Arnoldy (1971) correlated hourly solar wind data
with the auroral electrojet index AE and found that the best
correlation was between AE and the time-integral of the south-
ward IMF component in solar magnetospheric coordinates.
The product of the solar wind velocity v and the southward
IMF component BS, which is important in merging theories, is
highly correlated with geomagnetic activity (Russell et al. 1974).
Further, the product 33-122 was found to be correlated best
with the daily activity index Ap (Crooker et al. 1977). The
latter authors suggest that variations of long-term averages of
geomagnetic activity relate more to variations of v2 whereas
hourly (or three-hourly) activity variations are controlled by
variations of B5.

In this paper a relation is developed for the ap indices using
the solar wind velocity and the southward IMF component
and taking into account, to a certain degree, the IMF fluc-
tuations by computing an “effective southward IMF com-
ponent” BZE, comparable to the quantity Arnoldy (1971) found
to be best correlated to the activity indices AE. The calcu-
lations show that ap is best represented by the sum of two
terms, one proportional to 0125-83325 and the other propor-
tional to 122 (v is in km/s and BZE in nT throughout this paper).
The second term is related to the main part of the semiannual
variation of ap.

Effective IMF Southward Component

The interplanetary data used in this study are those prepared
and described by King (1977a, b). The data are available on
tape at the World Data Center A. From the composite tape
containing hourly averages of IMF and interplanetary plasma
data of the years 1963—1975, only those time intervals with
both IMF and solar wind data have been selected. To correlate
the interplanetary data with ap indices, three-hourly averages
were computed. Thus, 13,820 three-hour intervals (about 4.7
years) of data are available for our calculations. Though the
data were provided by different spacecraft and the temporal
coverage varies significantly over the time interval of about one
solar cycle, the data are treated as one homogeneous set.

First we correlate ap with the solar wind speed v dividing
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the data into groups according to the magnitude of the IMF
north-south component I3z in geocentric solar magnetOSpheric
(GSM) coordinates. Best correlations for all groups were found
for a power of 2.25 of a giving

ap=fIBz)-v2'”+s(32) (l)
where the coefficients f(BZ) and g(Bz) may vary with B3. The
same relation of the am indices (Mayaud 1967) with 02'” was
found by Svalgaard (1978). Figure I shows the coefficient f as a
function of BABE being the average in the correSponding in—
terval). For negative 32 values f grows nearly linearly with
decreasing BZ; for BE; 1 nT however, f is nearly constant and
small. The correlation is significantly greater for Bzeo than for
3230. Two scatter plots of relation (1) for intervals of negative
and positive B2 are shown in Figures 2 and 3 to demonstrate
the different relationship of ap with 02.25 for positive and
negative 83. There is significantly less scatter in Fig. 2 where
438 points in the relatively wide interval —4nT>BZ:> —6nT
are plotted (correlation coefficient r=0.67) than in Fig. 3 with
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Fig. 3. Scatter plot for the relation ap =f(BZ)- 52‘” +g for a positive .82
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506 points in the interval 3nT<Bz<4nT (r=Ü.4l). Consider-
ing only those points of Figure 3 with ap::-2?, no correlation of
ap with 02'25 is seen. Inspection of the interplanetary data for
these three-hourly intervals showed that either (i) at least one
hourly averaged 32 of the corresponding three-hourly interval
was negative, or (ii) the three-hourly averages of 32 are positive
but there are strong fluctuations of the IMF in at least one of
the hourly intervals, or (iii) in the preceding three~hourly in-
terval there was a negative Bz value or strong fluctuations of the
IMF.

No other remarkable features of the interplanetary data
were found. From these examples, remembering that the ap
indices are based on the greatest positive and negative geomag-
netic disturbances (not an average disturbance) in a three-
hourly interval at several observatories, we may conclude that
the three-hourly average of BZ is not the appropriate parameter
to correlate with ap. A better parameter to describe the strong
influence of the southward IMF component on geomagnetic
activity is an “effective southward IMF component” that takes
into account at least points 1') and it) of the foregoing dis-
cussion. It is defined as follows:

The individual IMF values, from which the hourly averages
of the NSSCD interplanetary data set (King 197'Ia) are con-
structed, are assumed to be normally distributed. Thus for the
GSM north-south component of the IMF the hourly mean
Ma... may be written

+oo
ME, = j MHZ) - B, . as, (2)

with the frequency distribution

_ 2

200321/27: 33

where as; is the standard deviation of the .Ii'Z values. The
effective southward component B’ZE is defined to be the average
of the negative part of the frequency distribution

[1(Bz)=

O Ü

h(BZ)-Bz»d: j
MHZ — 3032

h(Bz)'Bz'd (4)
‚f

BEE—T
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From hourly averages MBZ and standard deviations O'BZ we
may compute B’ZE numerically. Some examples are MHZ:
—4nT and aBZ=3nT giving B’ZE=—4.2nT; MBZ=4nT and
0BZ=3nT giving B’ZE=—0.12nT; MBZ=4nT and aBZ=8nT
giving B’ZE= — 1.6 nT.

Unfortunately the available IMF data contain O'BZ values
only for a part of the time interval covered by the whole data
set. The only consistent measure of IMF fluctuations is the
vector standard deviation (a§x+a§v+0§2)1/2 (King 1977a).
Four our computations of B’ZE we used this quantity as an
approximation of 032.

Significantly better correlations were found by correlating
ap with three-hourly averages of BM than by correlating ap
with 32- A slight enhancement of the correlation coefficients
was achieved using the minimum of the three one-hourly B’ZE
values instead of the three-hourly means. Therefore, and in
order to have positive values for the effective southward IMF
component, we redefined

BZE=|min(BIZElaBIZE29BIZE3)| (5)

where B’ZEi are the three one-hourly values in the respective
three-hourly ap interval. The further correlations were carried
out using BZE as defined in Eqs. (4) and (5). It should be added
that BZE is, to a certain degree, comparable with the time-
integral of the southward IMF component, which Arnodly
(1971) found to be best correlated with AE indices.

Correlation of ap with v and BZE

The whole data set of 13,820 three-hourly intervals were di-
vided into 10 groups according to the strength of the solar
wind velocity. For all groups ap was correlated with BZE

ap = C (v) ' BÉE + 0(0) (6)
where the coefficients C (v) and D(v) may be functions of 1). Best
correlation was found for a power q=1.25 i0.1; the error was
estimated from the slightly varying best power for the different
0 intervals. In Fig. 4 the two functions C (v) and D(v) of Eq. (6)
are shown for q=l.25. Both functions may be described by
power laws

C(v)=c-vp+d (7)

D(v)=e- vp'+f (8)

Correlating C(v) and D(v) with v, the coefficients c, d, e, f, and
the powers p and p’ were calculated by maximizing the cor-
relation coefficients. The numerical results were p=2.25i0.10,
p’=2.0i0.3; d=0.081i0.132, f=0.35i0.5; c=2.77 10—6, e
2230-10—5. Since c vp>d and e' vp'>f, Eqs. (7) and (8) may
be simplified with d=f=0. Inserting (7) and (8) into (6), one
finds

ap=c vz'zs-Bé'E25+e‘v2 (9)

The same relationship of ap to v and BZE and equivalent values
for the powers and coefficients (in the limits of the error
ranges) were obtained by a similar procedure. Dividing the data
into groups of different BZE intensities, the appropriate power
of U was calculated by a correlation of the form

ap = A (32E) up + B(BZE) (10)

0P=C(v)8122Ë+D(v) ’/

C(v)

7Ô0 km/s 8100
—>v

360 1.60 söo 660

Fig. 4. The functions C(v) and D(v) in the relation ap=C(v)-B}'E25
+D(v). The crosses for C(v) and circles for D(v) with error bars were
calculated from correlations in the different 0 intervals. The dashed and
solid curves are the best power laws for C(v) and D(v) according to
Eqs. (7) and (8)

Thus assuming simple power laws for the relation of ap to v
and BZE the correlation calculations show that at least two
terms should be taken into account, one with the second (or
higher) power of v and the first (or higher) power of BZE and
the other approximately proportional to 122.

For a general form of Eq. (9)

ap=h vp-B%E+k-vp'+j (11)

with coefficients h, k and j, multiple correlation calculations of
ap with v and BZE were carried out, varying the powers p, q, p’.
The best multiple correlation coefficient rm=0.82 was found as
expected for p=2.25, q=1.25, and p’=2.0. For these values the
coefficients h and k are (within the limits of errors) identical
with c and e of Eq. (9) and j=0.064—_FO.142:O.

Equations (9) and (11) therefore may be regarded as a
reasonable approximation of the activity index ap in terms of
solar wind parameters. In a very recent paper extending earlier
results of Murayama and Hakamada (1975) and Aoki (1977),
Murayama et al. (1980) found a relation similar to Eqs. (9) and
(11) of the AL index as a measure of the westward auroral
electrojet AL=K -(O.5+Bs)v2 where B8 was defined and calcu-
lated as BZE; the factor K was found to be a function of the
IMF By component and of the dipole tilt angle.

Our relations (9) and (11) do not explicitly contain the
semiannual variation of ap, which is the most pronounced
variation after the 11.5 year solar cycle. To investigate in which
term or factor of Eq. (11) the semiannual wave is contained,
data for individual months were lumped together and month
by month calculation of the multiple correlation coefficients for
Eq. (11) was made. Biases which might arise from varying
amounts of data for individual months (maximum of 1510 for
January and minimum of 840 for October) and uneven distri-
bution for the individual months during the 13 year period
were not taken into account.

The results of the calculations are presented in Fig. 5. The
upper curve (crosses) shows the monthly averages of ap for the
available data. The seminannual variation for these time in-
tervals is not so marked as for longer time interval but is
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clearly seen, and an annual wave with maximum near the
vernal equinox may be superposed. The second curve (full
circles) shows the yearly variation of the first term of the right
hand side in Eq. (11). A slight semiannual wave is present,
again superposed by an annual wave. Harmonic analysis of this
curve yields amplitudes of 1.7 and 0.66 ap units for the annual
and semiannual waves with maxima near 19 April (annual) and
25 April, 24 October (semiannual). The third curve (thin line) of
Fig. 5 shows montly averages of the quantity BÈ‘EZS 02'25 on a
comparable scale. This curve is nearly parallel to the second
curve and the coefficient h of Eq. (11) is seen to be nearly
constant for all months. Since v2'25 is also nearly constant (see
the lower thin curve), the yearly variation of the first right hand
term of relation (11) must be attributed to variations in BZE.
These yearly BZE variations with maximum near spring and
minimum near fall should be observed if, in the available
interplanetary data, there were more IMF toward than away
days, if the average IMF toward fields are stronger than the
away fields, or if the IMF southward component is stronger in
spring than in fall months. A heliographic latitude dependent
variation of the relevant solar wind parameters, which was
suggested by Murayama (1974) to cause one part of the semi—
annual variation of Kp, should also be attributed to the varia-
tion of BZE, since the averages of 122 and also of IE] (see the
corresponding curve in Fig. 6) show no appreciable variation
throughout the year. An analysis of the data to investigate the
reasons for the BZE variations has not yet been carried out.

The fourth curve of Fig. 5 (open squares) represents the
second right hand term of Eq. (11). This term shows a clear
semi annual wave. Harmonic analysis yields an amplitude of
2.7 ap units and maxima at about 22 March and 21 September
for this wave. This variation is not seen in 02 and must be
attributed to a semiannual variation in the coefficient k.

Thus it may be concluded that the main part of the semi-
annual variation of ap is contained in a variation of k in Eq.
(11) and not in the variation of the solar wind speed 12 nor in
the variation of the southward IMF component BZE.

The mechanism proposed by Boller and Stolov (1970, 1973)
can account for such a semiannual modulation of the coef—
ficient k in Eq. (11). According to Boller and Stolov the max-
ima of geomagnetic activity near the equinoxes are caused by
an enhanced probability of occurrence of the Kelvin-Helmholtz
instability along the flanks of the magnetosphere. The insta-
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Fig. 5. Monthly averages of observed ap and the
different quantities of Eq. (l l) computed with multiple
correlations for every month

bility criterion they apply is

+

02 >—p—I—-—pL(Bf cos2 ¢I+B§4 cos2 WM)
#o‘pI'pM

(12)

where indices I and M stand for interplanetary and magneto-
spheric values respectively, p are plasma densities, B the mag-
netic field strengths and l/l the angles between the velocity v
and the magnetic fields. The second term on the right hand
side of Eq. (12) yields a semi annual variation since at the
equinoxes ¢M=90° maximizes the instability probability.

For our calculations we simplify the criterion of Eq. (12) by
assuming: (i) the factor (p,+pM)/p,pM=1/p is constant, (ii)
the part of the geomagnetic activity indices ap relating to the
Kelvin-Helmholtz instability is pr0portional to the difference
between the left and right hand sides of inequality (12), and
(iii) the two terms c0=BI2 cos2 {fil/,uopv2 and cz=B§I/)uopv2
are constant. With these simplications we may write

ap=c1 02-(l—cO—cz-coszl/1M)+... (13)

where the dots indicate the first term in Eq. (11) and co, c1,
and c2 are constants.

The semiannual variation of ap is described in Eq. (13) only
by the variation of cos2 WM which is a function of the time of
year (Damaske 1977)

cos ¢M=sin 60-cos eo-cosoc (14)

with the constant angles between the earth’s rotation axis and
the ecliptic plane (30:235o and between the rotation axis and
the dipole axis 80:11.5°. The seasonal angle oc begins with oc=0
on 22 June.

Inserting the constant angles 50 and 80 and replacing cos W
in Eq. (13) by cos oc, and then comparing Eqs. (13) and (11), we
finally have

ap=h 02'25 .sgS +C1'(1-CO —c2 0.153 cos2 oc) 02 (15)

Multiple correlation calculations of ap with 02'25 -BÈ'E25 and (1
—c0—c2-O.153 cos2 00-02 were made for different values of the
constants cO and c2. The best multiple correlation coefficient is
rm=0.84 for c0=0.5i0.25 and c2=2.0i0.5; for these values h
=(0.2761_L0.003)‘10‘5 and cl=(0.591i0.015)-10‘4.
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Fig. 6. Monthly averages of observed ap (crosses) and
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Fig. 7. Daily means of ap (crosses) and ap as reconstructed after Eq.
(15) (circles) for 6 consecutive solar rotation periods in the first half of
1974. Only those days with data available for at least 6 three-hour
intervals (solid) or 4 three-hour intervals (dashed) are shown

Using these numerical values, Eq. (15) is shown in Fig. 6
where monthly averages of different quantities are compared.
The two upper curves show monthly averages of the observed
ap and the ap values computed from monthly averages of
02‘25 >BÈË25 and 02 -(0.5—2o0.153 cos2 oc). The observed and re-
constructed annual variations of ap are in good agreement.
Comparing the two terms of Eq. (15) it is seen that the first
term Fl, containing BZE, represents on the average about two

thirds of ap, but the second term F2 contains the main part of
the semiannual wave. In addition monthly averages of 122 and
the IMF magnitude averages |B| are shown, in comparable
scales, indicating no yearly variation. The yearly variation in F1
is mainly caused by variation of BZE as was seen in Fig. 5.

As well as the monthly averages, the daily ap means are
approximated closely by Eq. (15). An example is shown in Fig. 7,
where daily means of observed ap and reconstructed ap are
shown for six consecutive solar rotations in 1974. For other
periods the same good agreement between the two quantities
were found, so Eq. (15) may be regarded as a reasonable
representation of daily means of ap in terms of solar wind
parameters.

Discussion

Before single three-hourly observed ap indices are compared
with the ap values computed with Eq. (15) from solar wind
parameters, it should be explained that, in principle, exact
agreement between the two quantities is not possible.

The hypothesis proposed by Boller and Stolov (1970) and
adopted in this study not only generates semiannual but also
daily UT variations of geomagnetic activity. Also any other
hypothetical mechanism relating variations of geomagnetic ac-
tivity to the variations of the angle between the solar wind
direction and the geomagnetic dipole axis produces such daily
UT variations. This effect is neglected in Eq. (15), since in the
procedure for generating ap indices these possible activity vari-
ations are eliminated (Siebert 1971). In fact the elimination is
imperfect and UT variations remain in ap which are different
for the two IMF polarities but are not real activity variations
(Schreiber 1978). On the other hand ap is not a continuous
measure and only 28 different values between 0 and 400 are
possible whereas 0 and BZE are continuous.

In spite of these restrictions the observed and reconstructed
ap values are compared in Fig. 8 for two solar rotations and
give an impression of relatively good agreement, which general-
ly was found for all the data. Although appreciable differences
are sometimes evident especially during time intervals of high
activity, no systematic behaviour of the differences throughout
the solar cycle was discovered.

An improvement of the final relation (15) may be achieved
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by including the above mentioned daily variations. These ef-
fects however should be studied using the am indices, intro-
duced by Mayaud (1967), since these indices show the expected
daily variations (Mayaud 1977). Taking into account other solar
wind parameters, e.g., the plasma density n, for which Sval-
gaard (1978) observed that am is proportional to 711/3 and
Murayama et a1. (1980) found AL to be proportional to ”0.13,
may also refine the relation.

The main result of the present analysis is the finding of at
least two terms of the relation between geomagnetic activity
and solar wind parameters, one proportional to the southward
IMF component BZE and the other independent of BZE. The
definition of BZE includes the assumption that geomagnetic
activity is generated, by, for example, a merging process of
interplanetary and geomagnetic field lines, only if a southward
IMF component is present. This process is sometimes named
the half-wave rectifier response of the magnetosphere to the
IMF orientation, meaning that energy transfer from the solar
wind into the magnetosphere is possible only for a southward
oriented IMF component, as first suggested by Arnoldy (1971)
(see Crooker 1980, for a discussion of this problem). Russell
and McPherron (1973) used this rectifier response in their hy-
pothesis to explain the semiannual wave in geomagnetic ac-
tivity. The results of the present correlative study (Figs. 5 and
6) indicate a slight semiannual variation due to the BZE term in
Eqs. (11) and (15) in agreement with the Russell-McPherron
hypothesis; the main part of the semi annual wave however
was found in a second additional term which is essentially
independent of a southward IMF component. This second term
can be explained with the mechanism proposed by Boller and
Stolov (1970) as one possible IMF-independent process of the
interaction of the solar wind with the magnetosphere. A similar
conclusion was reached by Berthelier (1976) investigating the
influence of the IMF polarity on geomagnetic activity.

Thus the two terms of the relation between geomagnetic
activity and solar wind parameters may suggest two different
mechanisms of energy transfer from the solar wind to the
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magnetosphere and Eq. (15) and Fig. 6 may be regarded as a
rough quantitative separation of the two parts.

Acknowledgements. The interplanetary data used in this study were
provided by the World Data Center A; the numerical computations
were carried out at the Gesellschaft fur wissenschaftliche Datenverar-
beitung (GWD), Göttingen. Special thanks to M. Richards for his
assistance during the preparation of the manuscript.

References

Aoki, T.: Influence of the dipole tilt angle on the development of
auroral electrojets. J. Geomagn. Geoelectr. 29, 441—453, 1977

Arnoldy, R.L.: Signature of the interplanetary medium for substorms.
J. Geophys. Res. 76, 5189—5201, 1971

Ballif, J.R., Jones, D.E.: Further evidence on the correlation between
transverse fluctuations in the interplanetary magnetic field and Kp.
J. Geophys. Res. 74, 2289—2301, 1969

Berthelier, A.: Influence of the polarity of the interplanetary magnetic
field on the annual and diurnal variations of geomagnetic activity.
J. Geophys. Res. 81, 4546—4552, 1976

Boller, B.R., Stolov, H.L.: Kelvin-Helmholtz instability and the semi-
annual variation of geomagnetic activity. J. GeOphys. Res. 75,
6073—6084, 1970

Boller, B.R., Stolov, H.L.: Explorer 18 study of the stability of the
magnetopause using Kelvin-Helmholtz instability criterion. J. Geo-
phys. Res. 78, 8078—8086, 1973

Crooker, N.U., Feynman, J., Gosling, J.T.: On the high correlation
between long-term averages of solar wind speed and geomagnetic
activity. J. Geophys. Res. 82, 1933—1937, 1977

Crooker, N.U.: The half-wave rectifier response of the magnetosphere
and antiparallel merging. J. Geophys. Res. 85, 575—578, 1980

Damaske, D.: Magnetospheric modulation of geomagnetic activity I.
Harmonic analysis of quasi-logarithmic indices Km, Kn, and Ks.
Ann. Geophys. 33, 461—478, 1977

Garrett, H.B.: The role of fluctuations in the interplanetary magnetic
field in determining the magnitude of substorm activity. Planet.
Space Sci. 22, 111—119, 1974

King, J.H.: Interplanetary medium data book. Rep. NSSDC/WDCA—
77-04, Goddard Space Flight Center, Greenbelt, Maryland, 1977a



|00000181||

King, J.H.: Interplanetary medium data book. Appendix, Rep. NS-
SDC/WDC—A 77—04a, Goddard Space Flight Center, Greenbelt,
Maryland, 1977b

Mayaud, P.N.: Calcul préliminaire d’indices Km, Kn et Ks ou am an
et as, mesure de l’activité magnétique à l’échelle mondiale et dans
les hémisphères Nord et Sud. Ann. Géophys. 23, 585—617, 1967

Mayaud, P.N.: The Boller-Stolov mechanism and the semiannual and
daily McIntosh effects in geomagnetic activity. J. Geophys. Res. 82,
1266—1270, 1977

Murayama, T.: Origin of the semiannual variation of geomagnetic Kp
indices. J. Geophys. Res. 79, 297—300, 1974

Murayama, T., Hakamada, K.: Effects of solar wind parameters on the
development of magnetospheric substorms. Planet. Space Sci. 23,
75—91, 1975

Murayama, T., Aoki, T., Nakai, H., Hakamada, K.: Empirical formula
to relate the auroral electrojet intensity with interplanetary parame-
ters. Planet. Space Sci. 28, 803—813, 1980

Olbert, 8.: Summary of experimental results from M.I.T. detector on
IMP 1. In: Physics of the Magnetosphere, R.L. Carovillano, J.F.
McClay, H.R. Radoski, eds.‚ pp. 641—659. Dortrecht, Netherlands:
D. Reichelt 1968

Russell, C.T.‚ McPherron, R.L.: Semiannual variation of geomagnetic
activity. J. GeOphys. Res. 78, 92—108, 1973

Russell, C.T., McPherron, R.L., Burton, R.K.: On the cause of geomag-
netic storms. J. Geophys. Res. 79, 1105—1109, 1974

Schreiber, H.: On the possibility of inferring the interplanetary sector
structure from daily variations of geomagnetic ap indices. Planet.
Space Sci. 26, 767—775, 1978

Siebert, M.: MaBzahlen der erdmagnetischen Aktivität, In: Handbuch
der Physik, 49 (3), S. Flügge, ed.: pp. 206—270. New York: Springer
1971

Snyder, C.W., Neugebauer, M., Rao, U.R.: The solar wind velocity and
its correlation with cosmic-ray variation and with solar and
geomagnetic activity. J. Geophys. Res. 68, 6361—6370, 1963

Svalgaard, L.: Geomagnetic activity dependence on solar wind parame—
ters. In: Skylab WorkshOp Monograph on Coronal Holes, Chap.
IX, J. Zirker, ed. Col. Univ. Press 1978

Wilcox, J.M., Schatten, K.H., Ness, N.F.: Influence of interplanetary
magnetic field and plasma on geomagnetic activity during the
quiet-Sun conditions. J. Geophys. Res. 72, 19—26, 1967

Received December 2, 1980; Revised Version March 3, 1981
Accepted April 9, 1981

175



|00000182||

J Geophys (1981) 49:176—185 Journal of
Geophysics

High Time-Resolution Correlation Between the Magnetic Field Behaviour
at 37 RE Distance in the Magnetotail Plasma Sheet and Ground Phenomena
During Substorm Expansive Phase
V.A. Sergeev
Physical Institute of Leningrad, State University, Leningrad 198904, USSR

Abstract. The changes of the magnetic field, detected by the IMP-8
satellite during six successive well-defined substorms on 3 March
1976, are studied in relation to the typical expansive phase micro-
structure (microsubstorm sequence or multi-step substorm) de-
rived from the extensive complex of ground observations, and
also in relation to the thin structure of separate microsubstorms
(the formation of new arcs at the poleward front of the expanding
auroral bulge with simultaneous abrupt changes in the Pi2 pulsa-
tion regime of mid-latitudes). Both the successive Pi2 onsets and
the moments of abrupt changes in their regime, along with the
corresponding auroral phenomena, are simultaneous (usually with-
in the 0.5 min resolution of the data) with the impulsive magnetic
field variations in the plasma sheet, whose pattern at 37 RE was
found to change typically in a sequence of microsubstorms, consti-
tuting the whole expansive phase; each of them is also related
to the fast particle energization.

Key words: Auroral substorm — Magnetospheric substorm — Ex-
pansive phase — Substorm microstructure

Introduction

Changes of the magnetic field and plasma properties in the magne-
totail during substorms have been investigated in many papers,
but it is mainly the large-scale features, having the time scale
of the expansion phase duration (0.5—1 h) which have been deter-
mined unambiguously (Fairfield and Ness 1970; Hones et a1. 1973;
Russell and McPherron 1973; Nishida and Nagayama 1973;
Hones 1979). At the same time a number of experimental results
obtained recently demand a more detailed description of the mag-
netospheric phenomena, this being necessary for understanding
and modelling of the explosive energy dissipation process operat-
ing in the magnetotail during the substorm expansion phase. The
time scale of the explosive energy dissipation is often only 0.1—
l min, as suggested by the direct observation of strong impulsive
electric fields (Aggson and Heppner 1977; Pedersen and Grard
1978) and particle bursts up to MeV energy (Krimigis and Sarris
1979). A study of the magnetic field and plasma particles also
displays brief periods of intense variations, repeated a few times
during the expansion phase (Pytte et al. 1976b, 1978; Sergeev
1977). The observation of high—energy particle bursts (Krimigis
and Sarris 1979) and studies of magnetic and plasma variations
(Rostoker and Camidge 1971; Sergeev 1977; Pytte et al. 1976b;
Lui et al. 1977a, b) also suggest the spatial localization of the

0340-062X/81/OO49/Ol76/$OZ.OO

active region. In particular, its longitudinal range, is less than
the magnetotail width.

Thus the process of the explosive energy transformation is
apparently short-lived and localized and occurs sporadically at
different regions of the magnetotail during the substorm expansive
phase.

This paper is devoted to a detailed study of the magnetic
field response at 37 RE distance in the vicinity of the magnetotail
plasma sheet to the discrete time structure of the substorm expan-
sive phase. The results, combined with similar ones obtained for
the 10—20 RE distances (Pytte et al. 1976b, 1978; Sergeev 1977)
are used to infer the pattern of magnetic field variations and
its changes during the successive events in the whole expansion
phase.

Such studies demand the independent determination of the
times of explosive energy dissipation events (microsubstorms).
These can be found by means of ground signatures. There have
been several previous studies, where the onsets of separate micro-
substorms (a series of which is also named a multi-step, multi-
staged or multi-onset substorm) are defined by one or a complex
of signatures: auroral expansion, rapid intensification of westward
auroral electrojet, onset or abrupt changes of the mid-latitude
magnetic bays, or Pi2 train onset (Clauer and McPherron 1974;
Vorobjev and Rezenov 1973; Sergeev 1974, 1977; Wiens and Ros-
toker 1975; Pytte et al. 1976a, b; Sergeev and Yahnin 1979a,
Saito et a1. 1976; Untiedt et a1. 1978). The summary by Sergeev
and Tsyganenko (1980) shows that in practically all events under
investigation the discrete structure (series of microsubstorms) is
evident, if the station network used is appropriate for such studies.
The microsubstorms have a duration of expansion of about 5 min
with 5—20 min intervals between them, the active region can dis-
place (or widen) both to the east and/or to the west in successive
microsubstorms and new activity can arise in the region outside
the previous one. The microsubstorm onsets, defined by these
signatures, are synchronous with the abrupt changes of magnetic
field and plasma properties in the magnetotail (Sergeev 1977;
Pytte et al. 1976b, 1978).

Recent investigations have also revealed the thin structure of
separate microsubstorms: the rapid auroral expansion usually pro-
ceeds through the formation of new arcs at the poleward edge
of the expanding auroral bulge in 1—3 min (Sergeev and Yahnin
1978, 1979b), the times of arc formation are marked by strong
impulses of the bremsstrahlung X-ray emission and by separate
PilB bursts under the bulge and also by simultaneous changes
in the characteristics (amplitude, phase, polarization) of the Pi2
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Fig.1. Top. AE (y) index (from Allen et al. 1977) for 3 March 1976,
arrows mark the onsets of first Pi2 trains, in sequence, during each
substorm event. Center bos: the distance of IMP-8 satellite from calculat-
ed neutral sheet position (Vette 1975), vertical bars indicate the times
of neutral sheet crossings and hatched boxes, the gaps in the data.
Bottom: the MLT meridian of IMP-8 projection into the ionosphere
(from Tsyganenko (1979) model) and MLT positions of two all-sky
cameras (coordinates in Table 1), whose data we use for detailed ground-
satellite correlations

train at mid-latitudes (Sergeev et a1. 1978). An attempt to correlate
the magnetic variations in the magnetotail with this thin structure
of the expansion phase is also undertaken in our paper.

Data

The magnetic field data in the magnetotail are the IMP-8 satellite
measurements; 15.36 s averages of field components in (GSM)
coordinate systems along with the standard deviation of separate
1.28 3 points in 12 point sequence (SD) are used in this study.
We select for the analysis the period 10—23 hours UT on 3 March
1976. Five successive substorms (events 1—2, 46 in Fig. 1) during
this interval are rather intense and well-defined both in auroral
zone and low-latitude magnetic variations and have a duration
g2 h. The event 3 in contrast appears only in Pi2 pulsation data,

Table 1. List of stations from which data have been used in this study

and thus provides on opportunity to compare its magnetospheric
signatures with the ones during intense substorm events.

During all this period the IMP-8 satellite was in a favourable
location within 2 RE from the calculated position of the neutral
sheet (Vette 1975). Its data display the multiple crossings of the
neutral sheet. The magnetic local time (MLT) meridian of IMP-8
projection into the ionosphere is shown also at the bottom of
Fig. 1, a semi-empirical magnetospheric model of Tsyganenko
(1979) being used.

For the determination of the microsubstorm onsets we used
an extensive complex of ground data, including the normal mag-
netometer data of auroral zone stations and of the dense mid-
latitude net of Soviet stations; rapid-run magnetometer (sensitivity
0.1—0.3 y/mm at 0.2—0.02 Hz, chart speed 15 mm/min), induction
magnetometer, and all-sky camera data are also used (Table 1).
The most complete reconstruction of the expansive phase micro—
structure is possible for event 4 in Figs. 1 and 2, when the station
network was optimal for the range 19-03 MLT and four all-sky
cameras were operated. This substorm is also an extremely favour-
able event in view of its large intensity (21,500 y in AB index
and 250 y at mid-latitudes) and the isolation of its onset. The
IMP-8 satellite was located within 1 RE of the estimated neutral
sheet, slightly towards the evening of the magnetotail center
(YSM~ +5 RE). Therefore we start the data presentation from
this ideal event.

Experimental Data

Space- Time Microstructure of the Expansion Phase
of the Ideal (Isolated, Intense) Substorm Event
on 3 March 1976(17‘16 UT)

A11 four above-mentioned ground signatures showed consistently
the onset of an explosive phase at 17:16.0—17:16.5 UT Prior
to this time the smooth development of the twin-vortex current
system with the pronounced westward and eastward electrojets
was noted. After 16 :20 the quiet auroral arcs drifted equatorwards
and the magnetic field magnitude at the IMP-8 location increased
smoothly.

First of all let us consider the data from the all-sky cameras
(their positions are indicated in Table 1), supplemented by the
information on the appearance periods of short-lived discrete ra-

Station Symbol Type ofa CG Latitudeb Station Symbol Type of8 CG Latitudeb
instrument and Longitude instrument and Longitude

Leirvogour LEI NM, RM 65.6 69 Hermanus HER NM —42 81
Bear Is. BJO NM 71.0 110 Kaliningrad KAL P 50 98
Ny Alesund NYA NM 75.6 114 Lvov LVO NM 45 99
Loparskaya LOP ASC, NM 64.4 115 Tbilisi TBI NM, P 37 117
Heiss Is. HEI ASC 74.6 144 Ashkhabad ASH NM 33 130
Dixon DIX NM 67.7 156 Sverdlovsk SVE NM,RM 52 134
Norilsk NOR NM 63.4 161 Alma-Ata AA NM 38 149
Cape Cheluskin CHE NM 71.1 175 Novosybirsk NOV NM 49 159
Tixie Bay TIX NM 65.2 196 Irkutsk IRK NM 47 176
Zhokhov Is. ZHO ASC 70.0 210 Yakutsk YAK RM, P 55 200
Barrow BAR NM 69.5 248 Magadan MAG NM 53 218
College COL RM 65.0 261 Petropavlovsk PET NM, P 45 225

Guam GU RM 4 212

“ NM and RM — normal and rapid-run magnetometers, P=induction magnetometer, ASC=all-sky camera
b Corrected Geomagnetic Coordinates for 1980,0 epoch (Tsyganenko 1979)
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Fig. 2. Top: profiles of aurora position over Heiss Is. (22—23 h MLT)
and Zhokhov ls (02—03 h MLT) meridians in supposition of 110—km
auroral form height. The lines endpoints indicate the discrete and diffuse
(and irregular) auroras, the fine thickness and density}: of points show
qualitatively their brightness. Bottom: UT-MLT diagram showing the
fields of view of all-sky cameras (broken lines) and auroral radar at
Essoila (patted lines); the periods of auroral expansions and appearance
of short—lived discrete radio-auroral signal (from Timofeev and Yahnin
1980) are hatched to see claerly the onsets of different activizations
and their longitudinal ranges

dio-auroral reflections at 95 MHZ frequency, seen in the sector
20—21 h MLT in the auroral zone. The latter were presented by
Timofeev and Yahnin (1981). where the close relationship of these
signals to auroral expansions was well-documented. The more
useful information on the dynamics of the poleward part of the
auroral bulge during this event follows from the data from the
most poleward stations, Heiss and Zhokhov Islands, whose data
are displayed in the form of the meridional profile of auroras
at the top of Fig. 2. The bottom part of this figure shows the
approximate MLT location of the auroral expansion region in
the form of an UT-lv’l LT diagram.

The onset of auroral expansion is marked by the strong auroral
brightening and auroral break-up at 17:16 UT (1 on Fig. 2) over
the northern sky of Norilsk. At 17:23 UT (2) the brightening
is evident over Zhokhov Island, and the NW portion of the auroral
bulge appears at the SE horizon of Heiss Island. Until to it fades
near 1?:29 the westward travelling surge is situated in the sector
1311—140Ü longitude. At 1?:31 (3) the brightness of northern arcs
suddenly increases over Loparskaya and Zhokhov Island, then
the strong auroral expansion is evident in the data from Heiss
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Fig.3. Magnetograms of mid-latitude and auroral zone stations, the
vertical broken lines indicate the onsets of separate microsubstorms

and Zhokhov Islands (Fig. 2), and the westward edge of the auro-
ral bulge appears over Scandinavia, coinciding with the appearance
of discrete radio-auroras in this sector. The time structure of this
intense expansion will be considered in more detail in the following
section. The following event is less evident: at I? :42 (4) the bright-
ening of the edge of the auroral bulge can be inferred from the
data of Heiss Island and Loparskaya, followed by a small expan-
sion after 17:44 UT. At 1?:53 (5) strong brightening was detected
over Zhokhov Island, followed by significant expansion; some
brightening was observed at the northern bulge edge over Heiss
Island, but, in contrast to the morning sector, there was no observ-
able expansion (see Fig. 2). The definition of the next event (6)
at 18:03 UT is more subjective, as it is based only on the appear-
ance of the discrete radio-auroras in the evening sector (the auroral
bulge in this sector is located polewards of the field of view at
Loparskaya at this time), but the following event (T) at 18.0?
UT results in fast auroral expansion, simultaneously observed
in all of the sector 20-03 h MLT (Fig. 2).

The auroral zone magnetograms, diaplayed in Fig. 3, support
the above definition of the expansion events, showing the pro«
nounced intensifications of the westward auroral electrojet in those
sectors where the auroral expansions take place. The last expansion
(7) results in the sharp negative bay at Barrow (05 hours MLT),
thus the MLT range of this event is very wide compared to the
previous expansions.

The low-latitude bay—like disturbances (Fig. 3) also display pro-
nounced sharp changes at the times marked. The changes of their
longitudinal pattern are consistent with the evolution of MLT
sectors of separate auroral expansions, shown in Fig. 2. At the
onset of expansion phase (l) the positive bays in the I-I component
started in the sector between NOV and YAK. Event (2) resulted
in westward expansion (+21 H appeared at AA, ASK, TBI, A
D changes its sign from positive to negative at IRK). The next
intense event (3) displayed the onset of +21 H at both western
and eastern stations (LVO, TBI, MAG, PET). The following
events (4) and (5) are evident as +21 H excursions only at the
most western (LVO, HER) and eastern (MAG, PET) stations
respectively. Very weak perturbations are associated with the fast
expansion (7).



Fig. 4. Induction magnetograms from Tbilisi and Yakutsk along with
the rapid-run magnetogram from Guam

Fig. 5. 15.36 s resolution data of magnetic field components in SM coor-
dinate system at IMP-8 satellite for event 4, broken lines mark the
onsets of separate microsubstorms inferred from the ground data

The first Pi2 train, starting at 17: 16.5 UT (Fig. 4), was charac-
terized by the predominance of the short-period component, the
intensification of pulsations without this component is evident
near 17:23. At 17:30.5 the onset of a new well-defined train
is apparent. These three times are in a good agreement with the
onsets of auroral expansions. One more intense Pi2 train is ob—
served after 17:45.5 UT which is two minutes after the beginning
of expansion over l-leiss Island, but in coincidence with the marked
auroral intensifications (see auroral profile in Fig. 2). Some intensi-
fications of pulsations can be found after the times (5) and (7)
which are correlated with obvious auroral expansions, however
they are not so well-defined as the trains associated with expan-
sions (1)—(3).

.1730" '1'7.35 UT
Fig. 6. Drawings of Heiss Is. ascafilms (20 s exposure frames centered
at the onset ofeach minute), 15.36 s data points of if?Z and B, components
at IMP-8 and the pulsation records from Tbilisi and Yakutsk for the
most intense microsubstorm of event 4 (see text for explanation). The
lines and dots on drawings corresponds to the discrete and diffuse auroras

The IMPwS satellite was situated at this time near the northern
boundary of plasma sheet, as suggested by the large value of
the B, component (2:15p) throughout most of the event and
by the significant flux of electrons with energy 385 KeV (T.P.
Armstrong, private communication). Looking at the satellite mag-
netic field data (Fig. 5), we find impulsive magnetic field variations
closely associated with times (l)—(7). The typical response of the
B, component is an impulsive decrease (1)-(6), while the 15’z compo-
nent decreases impulsively in a few early micro-substorms (1)—
(3) and increases in the later ones (4)—(6). The impulsive variations
of the By component and low—frequency magnetic noise (SD) inten-
sifications are also features of microsubstorrns. The last wide-
spread expansion (7) results in a new 75?Z decrease and also in
full expansion of the plasma sheet, following 4 min later.

Thus during the expansion phase of this ideal event we can
recognize 7 activizations (microsubstorms), most of them (1), ('3),
(5), (7) are well documented by a complex of ground and satellite
signatures and timed to within the 0.5 min resolution of the data.

Thin Structure of the Single Expansion
(Microsubstorm J

The Heiss Island all-sky data are displayed in Fig. 6 for the period
of the most intense microsubstorm, event. (3), along with the induc-
tion magnetograms of low-latitude stations Yakutsk and Tbilisi.
The latter show the onset of Pi2 trains at 17:30.6 UT, a change
of phase is evident at 17:32.5 (more clearly in BY components
at both locations) and significant amplification of the T} 50 s
component starts at 17:34.0. These three features are clearly evi-
dent at other stations (see for example the Guam rapid-run magne-
togram in Fig. 4). The first feature coincides with the auroral
intensification in the post-midnight sector (Zhokhov Island,
Fig. 2). Coinciding with the second feature (17:32:30), bright au-
roras appeared in the southern sky at I-{eiss Island at 17:33 and,
atjust this time, the formation of the westward part of the auroral
bulge is evident in the all-sky data from Loparskaya, situated
30° westwards of the Heiss Island meridian. The structure which
appeared at 17: 33, is evident in the following frames, but at 17:35
the new bright auroral band formed polewards of the pre-existing
One. Thus, in this case, the auroral expansion over the Heiss
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Fig.7. The same as in Fig. 6 for 11:50—12:15 UT interval, but for
Zhokhov ls. all—sky data

meridian proceeds through two stages at 17:33 and 17:35, these
times of appearance of new poleward structures being correlated
to the times of the two Pi2 regime changes (17:32.5 and 17:34.0),
and synchronous at widely spaced (more than a thousand km)
stations. At just these times (within 0.5 min accuracy) the impulsive
decreases of both B,c and BZ components at the IMP-8 location
are observed (Fig. 6) with similar structure in the B, and SD
components (Fig. 5). The pulsation onset at 17:30.5 is evident
as a small decrease in the B, component, but the relatively smooth
decrease of the B2 component had started one minute earlier and
this feature is not so evident in the B, and SD components.

The second example concerns the substorm event (2), for which
we use the all—sky data from Zhokhov station, situated this time
near the MLT sector of satellite projection, as in the previous
case (Fig. 1). This event started at 11:51 UT, as evidenced by
the Pi2 onset (Fig. 7) and abrupt bay onset at the College rapid-run
magnetogram. This first microsubstorm did not occupy the MLT
sector of Zhokhov station, where the regular evening arcs were
observed. The times of the abrupt changes of the Pi2 regime
(phase, period, polarization) are related to the simultaneous ap—
pearance of impulsive Bz variations inside the plasma sheet, the
two last times strictly coinciding with negative B2 excursions.

The second microsubstorm began at 12:05.5 as new amplifica-
tion of pulsations and auroral brightening in the southern sky
at Zhokhov Island, started at 12:06 and reached its maximum
at 12:07. It coincides well with a new negative excursion of the
BK component in the neighbourhood of the neutral sheet. At
12:08.7 we detect a new change of Pi2 phase and a correSponding
intensification. After the auroral fading at 12:08 we observe the
next intensification at 12:09-«12: 10, when the auroras expand po~
lewards and two bright auroral bands are seen clearly. Two more
negative BZ excursions are evident this time. Between 12: 12 and
12: 13 the new (third) auroral form appears near the station zenith
and an obvious change of Pi2 polarization (appearance of the
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Fig. 8. IMP-8 magnetic field data for the substorm events 1 and 2 (see
text for explanation)

pulsations in B, component) is observed. At the same time the
Bz component becomes positive.

These examples give clear evidence that the features of expan-
sion thin structure (new are formations at the leading edge of
the bulge, with simultaneous abrupt changes of Pi2 regime and
other corresponding phenomena (Sergeev and Yahnin 1978,
1979b; Sergeev et a1. 1978), are intimately related to impulsive
changes of the magnetic field in the plasma sheet.

Other Examples of Magnetic Field Response
to Substorm Microstructure

We now present briefly the other substorm events during the
interval 10—24h UT on 3 March 1976. Accurate derivation of
the full discrete structure of these events is more difficult since
we do not have such a good net work of all-sky stations and
rapid-run magnetometers as in the previous case. Therefore we
will base our presentations on the Pill pulsation data, marking
by broken lines the instants of their onsets and also the instants
of their abrupt regime changes, which are synchronous at widely
Spaced mid—latitude stations. The possibilities of this method are
however limited, and we can reconstruct only a part of all the
microsubstorm events in the sequence (see discussion in next sec-
tion).

Event 1. The expansive phase starts at 10:19, as evidenced by
the onset of Pi2, lowwlatitude magnetic bays and electrojet intensifi-
cation over College. Two more microsubstorms are seen in the
Pi2 data (10:30 and 10:34). The all~sky camera at Zhokhov Island
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Fig. 9. IMP-8 magnetic field data for the events 3, 4, and 5

was turned on at 10:35 and registrated the regular evening arcs
and also the westward edge of the bulge in the eastern sky until
10:51, when the fast poleward expansion started and proceeded
through the new arc formation process.

At the expansion onset we detect, at the IMP-8 position
(Fig. 8), a southward turn in the magnetic field and its magnitude
decreases, followed by sharp variations in all parameters, related
to satellite movement with respect to the plasma sheet boundary.
One of these coincides with the Pi2 onset (10:30), then the satellite
exit from the plasma sheet and detects the impulsive BX decrease
during the next Pi2 onset. After the onset of auroral expansion
at the 20 hours MLT meridian (10:51 UT), the smooth decrease
of Bx and impulsive positive change of BZ are seen. Complete
plasma sheet recovery takes place 8 min later, towards the end
of auroral expansion over Zhokhov Island.

B 10
0

B 18.Z -10
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521100

Fig. 10. IMP-8 magnetic field (a) and high-energy electron (b) data for
26, November 1973 substorm event (from Kirsch et a1. 1977) combined
with the induction magnetogram from Kanoya. Vertical bars in (a) de-
notes the times of neutral sheet crossings

Event 2 (1] 51 UT). The first two microsubstorms of this event
were discussed in the previous section (Fig. 7). The satellite was
located during this period inside the plasma sheet until 12:10.
A new auroral expansion developed after 12:21, when brightening
and subsequent poleward motion of the bulge was observed in
the northern sky over Zhokhov Island until 12:27. During this
time interval the satellite moved back into the expanded plasma
sheet (Fig. 8) and detected the smooth decrease of magnetic field
BZ component, its impulsive negative excursion at 12:26 correlat-
ing with the abrupt brightening and break-up of the northern
arc. After 12:34 the stable positive BZ regime was observed at
the IMP-8 location, the auroras over Zhokhov Island having al-
ready completely lost any distinct structure.

Event 3. Only one very intense Pi2 pulsation train was detected
at 14:15.5 without any evident bay-like disturbances at either
the auroral zone or mid-latitude stations available for this study.
No drastic changes in the auroral structure and brightness were
observed over Zhokhov Island (23 h MLT). At the same time,
in contrast to the preceding time interval there is an obvious
magnetic disturbance at the IMP-8 position (Fig. 9), which was
located in the proximity of the neutral sheet (Bnx). The data
from the high energy particle experiment on IMP-8 (courtesy of
T.P. Armstrong) also displayed the intense burst of energetic elec-
trons (up to 1 MeV), whose intensity increased near 14:15 by
more than an order of magnitude. The absence of ground signa—
tures of this event can be understood if it was very localized
in space (see the examples of this type in Sergeev and Yahnin
1979a)

Event 5. Three intense and distinct Pi2 trains displayed clear thin
structure and were detected from the expansion onset at 20:00
until the gap in the satellite data (20:25). Coinciding with the
times 2, 3, 4, 6, and 7 we see impulsive changes of magnetic
field, mostly decreases in both Bx and BZ components and magnetic
noise (SD) spikes (Fig. 9). The pulsations at the onset (20:00)
were very weak. The satellite was near the plasma sheet boundary
throughout this event, as evidenced by the large BX magnitude
and the high level of electron flux at energies 285 KeV.

Event 6. From the rapid-run magnetogram of Leirvogour we define
the expansion onset at 22:39. The H component negative excursion
reached —500 y near 22:50 and the first Z component excursion
was positive, showing electrojet intensification southwards of the
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position of Leirvogour (66° latitude). Three distinct Pi2 trains
were detected up to 23 :00 UT, coinciding with electrojet intensifi-
cations and poleward expansions. The satellite in this period was
situated deep inside the plasma sheet (Bx§10 y, a few neutral
sheet crossings, Fig. 9). In the presence of the continuous complex
variations of magnetic field in this region it is difficult to recognize
unambiguously the response to the three microsubstorms indicat—
ed. However we want to emphasize the essentially positive sign
of the BZ component inside the plasma sheet near the magnetotail
center during the first 20 min of very intense substorm activity,
initiated at a latitude §65° in the midnight auroral zone sector.
The ground data available for this event are unsufficient to distin-
guish the microsubstorms following after 23:00 UT

High-Energy Particle Bursts as Signatures
of Explosive Energy Dissipation Process
During Separate Microsubstorms

The intense spikes of energetic (0.1—1 MeV) particles were detected
by the JHU experiment on board the IMP-8 satellite during the
events under examination. From the 5 min resolution data we
have, by courtesy of T.P. Armstrong, the onsets of the substorm-
related particle events are defined to be at approximately 10.18,
11:51, 14:15, 17:18, 20:00 and 22:40 UT, in good accordance
with our determination of the expansion phase onset from the
ground signatures.

To show the energetic particle response to the microsubstorm
sequence in more detail we have used data on both the magnetic
field and energetic electron flux at IMP-8 during the event on
26 November 1973, published by Kirsch et al. (1977), supple—
mented in Fig. 10 by the Kanoya induction magnetogram. We
again see the impulsive BZ component variation at the onsets
of separate Pi2 trains (microsubstorms). The remarkable coinci—
dence of separate particle bursts and microsubstorm onsets is
also obvious from Fig. 10.

Results and Discussions

Reconstruction of Discrete Microstructure of Substorms
From Ground Data

In all of five successive, intense and well-defined substorms on
3 March 1976 we found the complex multistage temporal structure
of the expansive phase, which thus represents a typical feature
of substorms in good accordance with the other detailed studied,
which are mentioned in the Introduction. A clear example of
the sporadic activizations of auroral expansions and of the com-
plex changes in their latitudinal and longitudinal ranges is provided
by the data on the intense and isolated event 4.

The timing of microsubstorms represents one of the most im-
portant and difficult problems for future detailed studies of explo-
sive energy dissipation events. The defects of the magnetic varia—
tion data obtained in the auroral zone and at mid-latitudes (inade-
quate net work, low time-resolution of normal magnetograms,
difficulties in distinguishing the nature of distinct peaks at auroral
zone stations, low level of signal/noise ratio at mid-latitudes) are
well known, and in many papers most attention has been paid
to the registration of mid-latitude Pi2 pulsations in View of the
high time-resolution of this method and the global character of
these pulsations (Pytte et al. 1976a, b; Saito et al. 1976; Sakurai
and Saito 1976). Our data demonstrate, however (see Fig. 4 for
example), that these pulsations are intense and well—defined only
during the few first microsubstorms, whereas in the later ones
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their presence cannot be defined unambiguously. Thus this method
is very useful but is not sufficient to indicate every microsubstorm
in the sequence.

The accuracy of this method is also sometimes limited even
in the cases of intense and well-defined Pi2 trains. So, in the
microsubstorms 4 and 5 of event 4 the onsets of these trains
were evidently delayed for a few minutes, relative to the microsub—
storm signatures in auroral and magnetospheric data. Similar de-
lays of Pi2 onset (0—2 min), when compared to the auroral bright-
ening, were obtained by statistical analysis by Sakurai and Saito
(1976). A cause of these delays, as suggested by the results of
Sergeev et al. (1978), can be related to the thin structure of the
separate expansion event (previons section). If the regime changes
in the Pi2 train are caused by superimposed trains, originating
from separate impulses (as suggested by their correlations with
the abrupt changes in auroral structure and impulsive magnetic
field variations in the magnetotail), the onsets of low—intensity
trains might be missed in the analysis. So Sergeev et al. (1978)
presented examples, where an initial brightening of the aurora
resulted only in a simultaneous low intensity Pi2 pulsation, not
detected at low-latitudes, but the successive formation of new
arcs at the front of the expanding bulge superimposed intense
Pi2 at low-latitudes. Data for the microsubstorm 5 in event 4
are similar' the intensification of Pi2 pulsations at Yakutsk (Fig. 4)
is evident at 17:56.5 simultaneously with the new arc formations
over Zhokhov Island (Fig. 2), but there were no observable pulsa~
tions during the very strong auroral brightening at 17: 53.

Thus only the observation of auroral dynamics and intensity
over the whole sector 65°—75° latitude and 20—04 h MLT provides
a reliable means for the reconstruction of the full space-time histo-
ry of a substorm. Unfortunately such study is possible only in
extremely rare cases.

Magnetic Field Variations During Separate
and Sequantial Microsubstorms with the Satellite Near
the Plasma Sheet Boundary

Preliminary inspection of the data has shown that when impulsive
magnetic variations accompany the onsets of microsubstorms,
their character displays many individual features. A major part
of these differences seems to arise from both the variety of space-
time history in substorms and differences in location of the satellite
relative to the regions of fast energy dissipation. We try below
to infer typical patterns of microsubstorm-associated variations
and their sequence in the substorm. The results, of course, are
preliminary, as they are based on a limited number of events;
still we feel that they are representative. The latter conclusion
can be supported by reference to the large number of events ana-
lysed by Pytte et al. (1976b, 1978) and Sergeev (1977), as the
features which have been pointed out can invariably be found
in their data. The above-mentioned data corresponds mainly to
the 10—20 RE distance in the magnetotail.

Types of Variation. Based on the behaviour of the BX (or |B|)
and BZ components of the magnetic field at the microsubstorm
onset, we can distinguish the four following types of variations

A. Decrease of both |B| and BZ component by a few y in
magnitude.

B. Decrease in |B| and increase in BZ by the same amounts.
C. A large decrease of |B| of more than 5—10y, when the

satellite is embedded into the expanded plasma sheet.
D. A short-lived large |B| decrease during the transient plasma

sheet expansion.
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Fig. 11. The magnetic field disturbance pattern in the XOZ plane, used
for explanation of magnetic field response at IMP—8 to the sequence
of separate microsubstorms

All four types of magnetic field behaviour are evident in data
for event 4, and partly in events 1,5. All these patterns are present
in the data for the substorms which started at 09.38 UT and
14.36 UT on 4 September 1968 and at 07.52 UT on 19 August
1969, when the OGO-S satellite was situated 20 RE from the Earth
within 3 RE from the calculated neutral sheet position (Pytte et al.
1978). Only B and C types are evident in the data for other
events in papers of Pytte et a1. (1976 b, 1978), when the satellite
was located closer to the Earth.

Occurrence of Different Types: The changes of A and B type are
typically synchronous (within one minute) with the microsubstorm
onsets, determined from the ground data (see also Pytte et al.
1976 b, 1978). The transient expansion type (D) is often superim-
posed on these variations, with the sign of BZ variation being
preserved, but is sometimes delayed with respect to the A and
B types (see, for example, microsubstorm 5 in event 4 and also
Pytte et al. 1978).

The transient expansion-contraction of the plasma sheet can
be found in papers where plasma data were analyzed. A striking
example of the expansion-contraction sequence with repeated
changes in the plasma flow direction was described by Hones
et al. (1976), the auroral data also displaying the sequence of
auroral bulge expansions (the appearance of new WTS) with simi-
lar intervals of time between them (5—20 min).

Sequences of Variation Types. During the expansion phase the
magnetic field responses usually change through the sequence of
microsubstorms as A—>B—>C at 35 RE distances (see also the simi-
lar example in Sergeev 1977). A similar succession is evident in
the above-mentioned events in Pytte et al. 1978, and the succession
B—>C in other events studied in the papers by Pytte et al. (1976b,
1978). Each response type may be repeated a few times. This
pattern of a change in magnetic field response through the se-
quence of separate microsubstorms can be easily interpreted if
the pattern of magnetic field change at the substorm onset (first
microsubstorm) is taken into account. In the enormous number
of events observed, magnetic field signatures at the substorm onset
display a Bx magnitude decrease everywhere outside the plasma
sheet, a BZ decrease at or tailwards of 20 RE distance (type A),
a BZ increase earthwards of 15—20 RE distance (type B) and the
pronounced plasma sheet expansion (type C) at <15 RE from
the Earth (Nishida and Nagayama 1973; Russell and McPherron
1973; Hones 1979; Pytte et al. 1976b, 1978). Thus all these types
A, B, C are observed simultaneously and differ only spatially
(Fig. 11) the separation line between regimes A and B in the equa-
torial plane being identified as the X-type neutral line position
(see next section). Therefore the trend A——>B—+C can be explained
as the sudden appearances of a neutral line at more tailward
distances in the magnetotail

Underlying Trends in |B|. After the changes of A and B type,
synchronous with the microsubstorm onset, the magnetic field
usually recovered before the onset of the subsequent microsub-
storm if it was sufficiently separated in time from the previous
microsubstorm. In our cases 1, 4, 5 as well as in the above-
mentioned events in Pytte et al. (1978), the following trend can
be recognized: during the successive microsubstorms, resulting
in an A(B) magnetic variation pattern, the restored values of
|B| increase (decrease) in a sequence of responses of similar type.
Since the Pytte et al. (1978) paper included the plasma data, show-
ing the absence of plasma sheet particles during the periods under
consideration, we infer that the intensity of the plasma sheet cur-
rent tailwards of the X-type neutral line region, where the A type
response is observed, according to our interpretation, continues
to increase during the current disruption process in the near-Earth
region. The relative contribution of these two parts of the current
sheet (disrupted or increasing in intensity) to the observed magnetic
variation apparently depends on the satellite position. The contri-
bution of the slowly varying tailward part can dominate only
when the satellite is situated near the current sheet (at |Z|£6
RE as follows from the statistical data of Iijima (1972), for definition
o see Fig. 11).

Discussion. Unfortunately the data gaps in some events and diffi-
culties in diagnosting the last microsubstorm in a sequence prevent
the detailed study of magnetic field variations after complete plas-
ma sheet recovery (C-type response). In the two cases (events
1 and 4) when such recovery was observed, it was detected a
few minutes after the onset of a microsubstorm, characterized
by fast expansion in the widest longitudinal sector. Pytte et al.
(1978) and Hones (1979) suggested that the phase of the plasma
sheet recovery tailwards of 15 RE distance (leap, in their definition)
is physically different from the preceding activizations (microsub-
storms). However they base this mainly on the absence of the
Pi2 pulsations at mid-latitudes and the appearance of the bulge
at latitudes of 74° In the case of event 4, however, the auroral
expansion reached 740 latitude at microsubstorm 3, but four later
microsubstorms are evident in our data (Figs. 2—4), being qualita-
tively similar to event 3. The absence of clear Pi2 pulsations also
can not be used to distinguish the physical nature of the microsub-
storm phenomena Thus we feel that the conclusion about the
existence of two different expansion modes during the expansion
phase is not yet well founded.

Magnetic Field Changes Inside of the Plasma Sheet
and Magnetotail Topology During
the Substorm Expansion Phase

Cases when the satellite stays inside the plasma sheet at and after
the substorm onset are extremely rare at distances tailwards of
15 RE, but events 2, 3, and 6 in our study do fall into this category.

BZ Variations. During the first twenty minutes of the expansion
phase of event 6 the satellite was evidently in the plasma sheet
near the magnetotail center (YSM~ +1 RE). Three microsubstorms
occured this time. However, only positive BZ values were detected
at IMP-8. Whereas the intense (AH~ —500 y) westward electrojet
intensification took place at latitudes 565‘” at midnight, the proba-
bility of the formation of the X—type neutral line at distances
>40 RE in the magnetotail during this period seems to be very
small.

During event 2 the BZ component of the magnetic field dis-
played two brief decreases into the negative range during the
first two microsubstorms, but in the 8 min interval between them
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BZ was continuously positive (+2.5 y) inside the plasma sheet
(|Bx|< 10 y). There is another similar example in Fig. 10.

These facts are compatible with the results of Lui et al. (1977 a,
b), showing the predominance of positive BZ values in the neutral
sheet regions at tailward distances of about 30 and 60 RE during
the substorm expansion phase. Thus the region of negative BZ
(if it exists) must occupy only a localized part of the magnetotail
equatorial region, and the resultant magnetotail topology must
be similar to that with a pair (or a few pairs) of X— and O-type
neutral lines (Vasiliunas 1976).

BS Variations. The impulsive character of BS in the plasma sheet
may be caused by both the brief appearance of neutral lines,
and also by their continuous existence in the case where the dimen-
sions of the BS region contract between the microsubstorms. We
are not in a position to distinguish between these possibilities
from the data of one satellite. These properties, however, are
in conflict with the schemes of Vasiliunas (1976) and Hones (1979),
in which the dimension of the Bs region increases continuously
during the expansion phase.

By Variations. The existence of the intense variation in the By
component during microsubstorms both inside and outside the
plasma sheet along with the strong B, component in the neutral
sheet (IBXIzO, events 3, 6), pointed out earlier by Akasofu et al.
(1978), suggest the complex and essentially three-dimensional char-
acter of the magnetic disturbance, which demands a more careful
investigation.

Thin Structure of Separate Microsubstorms
as Possible Indicator of Tearing-Like Instability
of the Magnetotail Current Sheet

Only two microsubstorm events, when auroral expansion occured
in the field of view of an all-sky camera and the satellite projection
into the ionosphere was situated in the same MLT sector, were
suitable for detailed comparisons of all-sky and satellite data.
Both these events (see above) have given distinct examples of
synchronization of the southward Bz spikes at the satellite position
with the formation of new auroral arcs at the leading auroral
bulge, accompanied by simultaneous changes in the regime of
Pi2 pulsations.

Two other examples, when the data on auroral expansion were
absent, also display the distinct coincidence of magnetic field
spikes and changes in the regime of Pi2 pulsations (see upper
and central parts of Figs. 7 and 9 respectively). Since the successive
formation of new arcs was found to be the usual feature of auroral
expansion during a microsubstorm (Sergeev and Yahnin 1978,
1979b; Sergeev et al. 1978), it is important to understand the
possible physical significance of the correlation obtained.

To do this we must bear in mind two consequences of the
impulsive appearance of the southward BZ component in the plas—
ma sheet. On the one hand it is evidence of the existence of
the X-type neutral line (lines) at least during the period of expan-
sion. On the other hand fast magnetic field variations may be
naturally related to the strong impulsive electric field, whose brief
appearance during the expansive phase of substorms has already
been observed (Kirsch et al. 1977; Aggson and Heppner 1977;
Pedersen and Grard 1978). As follows from the numerical simula-
tion of Tsyganenko and Zaitzeva (1979), the intense arc-like struc-
ture of electron precipitation will appear in the ionospheric projec-
tion of the X-type neutral line when the strong dawn-dusk directed
electric field is applied to this region.

184

The close association of the impulsive electric field with the
formation of auroral arcs during expansion seems to be in line
with observations of energetic particles. So, as shown by Sergeev
et al. (1978), the precipitation of energetic electrons under the
expanding auroral bulge appears as a sequence of short impulses,
occuring synchronously with the generation of new auroral arcs
and concurrent changes in the regime of irregular pulsations. On
the other hand, as follows from observations of spikes of energetic
particles (Krimigis and Sarris 1979) and simulations of the particle
acceleration (Pellinen and Heikkila 1978), the intense inductive
electric fields are very probably the source for the particle accelera-
tion up to MeV energy. In this connection we must mention
also the results of Pedersen and Grard (1978). As the typical
feature of the expansion phase, they have distinguished the se-
quence of strong impulses of the electric field, whose repetition
interval (1—2 min) is the same as that of new arc formations and
the simultaneons impulses of energetic electron precipitation.

In view of this evidence we have some physical grounds for
considering the process of generation of new auroral arcs at the
poleward front of expanding auroral bulge as the consequence
of impulsive formation of a few X-type neutral lines during micro-
substorms. This process corresponds well to the picture of the
explosive growth of the tearing-mode instability (Galeev et al.
1978; Schindler 1979). If our conclusion appears to be valid, some
very important features of tearing—mode operation may be deduced
from auroral data.

The Substorm Sequence, and Concluding Remarks

As shown in this and similar studies (see Introduction), the space-
time history of substorms appears to be complex and variable.
However it seems possible to distinguish a definite hierarchy in
the construction of the substorm sequence, depending on space
and time scales.

The second in this hierarchy is the microsubstorm phenome-
non, operating on a time scale 5—10 min in a localized part of
the magnetotail and its conjugate auroral ionosphere (see Fig. 2
for illustration). Its main physical characteristics consist in the
fast (explosive—like) energy dissipation, as evidenced, for example,
by the data on high-energy particles (see Fig. 10 and the statistical
data of Murayama (1970), who first found the remarkable correla-
tion of Pi2 and relativistic electron spikes). The main features
of microsubstorms can be explained both consistently and quanti-
tatively by a Birkeland loop (current disruption) model Akasofu
1977; Sergeev and Tsyganenko 1980).

The substorm as a whole apparently represents the top level
of this hierarchy. It is related to the way in which the whole
tail dissipates surplus magnetic energy through the sequence of
localized microsubstorms.

On a more detailed level, processes important for the explosive
energy transformation in a substorm, seem to be represented by
what we called “thin structure” Data on the magnetospheric
features of this phenomenon are very scarce at present.

To support this view of the hierarchical structure of substorms
we must mention the possibility of relative independence of phe-
nomena at different levels of hierarchy. So, for example, a single
microsubstorm can occur during quiet conditions, as in the case
of our event 4.

As regards the behaviour of the magnetic field in the magneto-
tail, we feel that the data presented in this study give clear examples
of the changes, related to the microsubstorms and their thin struc-
ture. Although some preliminary results have been discussed in
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this paper, much more effort must be made to describe consistently
the three-dimensional patterns of the related disturbances.
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Close to the Bow Shock and Far Upstream*
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Abstract. We have investigated four energetic proton events
(30 keV—75 keV) upstream of the earth’s bow shock with two
identical experiments of the Max-Planck-Institut/University of
Maryland on satellites ISEE-l and ISEE-3. Close to the bow
shock the particle distribution is more or less isotropic and indi—
cates relatively strong scattering of these particles in the upstream
wave field. At ISEE-3 between 100 and 200 RE upstream from
the earth’s bow shock, the particles move essentially scatter-free
from the general bow shock direction. The proton differential
intensity at ISEE-3 is a factor of about 4—15 less than at ISEE-l
at 30 keV. The spectra at ISEE-l are steeper than the spectra
at ISEE-3. Flux ratios and spectra are discussed in terms of a
first order Fermi acceleration model with a diffusion coefficient
increasing approximately linearly with energy and a free escape
boundary at some distance upstream.

Key words: Earth’s bow shock — Upstream particles — Shock accel-
eration

Introduction

Early observations of energetic particles upstream of the earth’s
bow shock have been reported by Asbridge et al. (1968) and Lin
et al. (1974). The ISEE-l and -2 satellites with their highly eccentric
orbits and the ISEE-3 satellite in a halo orbit around the libration
point have opened a new era in the study of bow shock associated
particle and wave phenomena. The ions upstream of the bow
shock exist in two distinctly different components (Gosling et al.
1978), the socalled reflected and diffuse components. The reflected
component is essentially a beam directed outward from the shock
along interplanetary field lines, whereas the diffuse ions are charac-
terized by relatively flat energy spectra and broad angular distribu-
tions. The reflected ion beam typically has energies of several
keV and can be explained by an acceleration of solar wind ions
in terms of a displacement along the interplanetary electric field
during particle reflection at the bow shock (Paschmann et a1.
1980). One rare occasions ion beams up to energies of ~65 keV
have been observed (Scholer et al. in press 1981). Diffuse upstream
ion events usually last up to several hours and can extend in
energy up to least 100 keV (Ipavich et al. 1979; Scholer et al.
1979). Ipavich et al. (1981) have shown that the spectra of protons

* Paper presented at the Workshop on Acceleration of Particles by Shock
Waves, October 7—9, 1980, Max-Planck-Institut für Aeronomie, Lin—
dau, FRG

0340-062X/81/0049/0186/$01.20

and alpha particles in these events are generally well described
as exponentials in energy per charge and that the ratio of the
fluxes of the two species is constant as a function of energy.
In a statistical analysis Scholer et al. (l980a) have shown that
the rate of occurrence of upstream diffuse events increases with
decreasing angle between magnetic field and radial direction (i.e.,
sun-earth direction). They concluded that the field line connection
time with the bow shock is the determining factor for the occur—
rence of diffuse upstream ions, and they suggested that these ions
are accelerated by a first order Fermi mechanism at the shock.
Such an acceleration process has been discussed in detail by Fisk
(1971), Scholer and Morfill (1975), Axford et al. (1977), Bell
(1978a, b), and Blandford and Ostriker (1978).

Simultaneous measurements at ISEE-l close to the bow shock
and at ISEE-3 far upstream have shown that, whereas the particle
distribution close to the shock is more or less isotropic, the parti-
cles far upstream are moving essentially scatter free (Scholer et al.
1980 b). Thus, the turbulent magnetic waves responsible for parti-
cle scattering have to be limited to some region close to the bow
shock. Beyond some distance L particle transport becomes scatter
free and the particles can escape freely into the far upstream
medium. Sanderson et al. (in press 1981) and Anderson (in press
1981) have studied detailed pitch angle distributions at ISEE-3.
They reported, in addition to the sunward streaming along the
interplanetary magnetic field, pitch angle asymmetries due to den-
sity gradients and due to the electric field induced by the motion
of the interplanetary magnetic field.

In this paper we study in detail four upstream particle events
which were simultaneously observed by ISEE-l and ISEE-3. In
particular, we make a comparison between the absolute flux values
~200RE (earth radii) from the bow shock and flux values several
RE in front of the bow shock at two different energies and interpret
the results in terms of a model invoking a first order Fermi mecha-
nism at the shock and a free escape boundary somewhere up-
stream.

The observations were obtained with two identical instruments,
the Ultra-Low-Energy-Charge-Analyzer (ULECA) of the Max-
Planck-lnstitut/University of Maryland sensor system on ISEE-l
and ISEE-3. A detailed description of the instrument may be
found in Hovestadt et al. (1978).

Observations

In the following, we discuss four upstream particle events for
which we have simultaneous measurements at ISEE-l and -3.
The positions of the two spacecraft during these events are shown
in Fig. l in a projection onto the solar-ecliptic plane. Figure 2
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Fig. 2. Magnetic field and particle data during the 17 August 1978 event.
Top left: magnetic field in gammas. (l and CD component in solar-ecliptic
coordinates (upper three panefs) and intensity-time profile of energetic
particles at ISEE-S; top right: typical anisotropy measurement during
the upstream particle burst. LoII'er left: magnetic field and particle data
at [SEE-l during same time period; lower right: typical anisotropy mea-
surement observed at lSEE—l. The sun is to the left, the arrow indicates
the projection of the magnetic field onto the ecliptic

shows, on the left side, a 2 h interval of particle and magnetic
field data on 17 August 1978. The upper left part of Fig. 2 shows,
in the upper three panels, the magnetic field magnitude (in gam-
mas) and the 8 and (P components in solarecliptic coordinates
as measured on [SEE-3. The next panel shows the 30 keV proton
count rate. The lower left part of Fig. 2 shows the same data
for ISEE-l. To the upper and lower right side of Fig. 2 we show
typical examples of anisotropy measurements during this time
period at the two satellites; shown is the counting rate (on a
linear scale) in 8 sectors which are scanning in the ecliptic plane
(the sun is to the left of the figure). Due to the fan-like aperture
the fluxes are integrated over an angular range of 4:30“ out of
the ecliptic. The time-intensity profile at ISEE-3 is the intensity
in sector 1 (for sector numbering see the anisotropy samples).
For ISEEAI we show the spin averaged count rate.

Since several rate channels of the ULECA sensor on lSEE—l
are sensitive to sunlight, depending on the orientation of the spin
axis with respect to the spacecraft-sun line, the sun sector (and
sometimes the following sector) has to be eliminated as indicated
by the shaded portion. Also shown is the magnetic field direction
in the ecliptic plane. At ISEE-3 particles arrive anti-parallel to
the field from the bow shock direction with pitch angles down
to 90°, while at lSEE-l the distribution is more or less isotropic.
This has already been observed during other events by Scholer
et a1. (1980 b) and by Sanderson et al. (in press 1981) and Anderson
(in press 1981).

In comparing absolute fluxes and spectra at the two spacecraft
we have to consider an important point. Charged particles moving
upstream are subject to the electric field induced by the motion
of the interplanetary magnetic field. The resulting drift perpendicu-
lar to the magnetic field leads for each particle velocity parallel
to the magnetic field, a”, to a foreshoclt boundary; upstream
of this boundary no particles with velocity a” can be observed.
Close to the field line tangent to the bow shock particles are
therefore arranged in the form of sheets according to their parallel
velocity (Anderson, in press 1981). However, assuming that accel-
eration takes place everywhere at the bow shock and not only
close to the point of tangency as assumed by Anderson (in press
1981) we will have, at any point not too close to the line of
tangency, a superposition of particles with different velocities s”.
(Actually, as shown by Scholer et al. (1980a) diffuse ions are
not accelerated close to the point of tangency of a field line with
the bow shock, but reach their steady state after a relatively long
(~60 min) field line connection time).

Spectra taken well within an event. and not at the event onset
are therfore most likely to be representative of the spectra at
the distance from the bow shock where the particles escape freely
into the upstream medium. At the event onset, on the other hand,
one might observe high energy particles first and low energy parti*
cles later, as the sunward side of the ion sheets moves over the
spacecraft. There is also an earthward spatial limitation of the
particle distribution; as this boundary sweeps over the spacecraft
one will observe anisotropies of the particle distribution perpendic-
ular to the magnetic field due to the effect of a density gradient
perpendicular to the magnetic field.

Sanderson et al. (in press 198l) report gradient anisotropies
at the onset as well as at the end of an upstream particle event
observed at ISEE-3. Note, however, that these authors present
data from ISEE-3 only. Observations of particle bursts far up-
stream from the bow shock cannot alone reveal whether these
particles are bow shock associated or of magnetospheric origin.

Figure 3 shows differential spectra during the 17 August l9?8
event at both spacecraft. We have taken, at both spacecraft, the

187



|00000194||

104 I I I I I I

Î 17 AUG 1978 Z

' o ISEE-1 -
’ \ 21:04—21:15 UT ‘

"‘ o ISEn5—3 ‘
._ 21:12—21:18 UT
È 103:

\

î

ct E :
11.1 — ’°‘ -
+— _ SECTOR 2 _m _ 1
Q Eo : 10.0
LU -I

U7

NE) 102;
Eo =13.1

Ë""
- I—o—I —

“L : AOL :
— SECTORI —

101 I I I I I 1
20 40 60 80 100 120

EI keVI

Fig. 3. Two-point spectra (of the flux in the sector containing the magnet-
ic field) during the 17 August 1978 event as observed on ISEE-l and
ISEE-3. The flux is plotted linearly vs energy (in cm2 s.sr.keV)’1; EO
the e-folding energy assuming a representation as an exponential in
energy

11. SEPI. 78 DAY 254
ISEE-3

E " ‘ 'l ' ‘ “ ' " ' ‘ " ‘ “ ‘ ‘ 0:57:46 —- 0:59-54

ÿ 102:? PROTONS 30 keV —_
g ~ SECTOR1
E9 10‘;
ä :

(ä IÜJIFI I 1 1 1 l 1 1 1 1 1 1 1 1 1 1 1 l 1 1

UI 0:00 1:00 200

lSEE-1 .
101 ï
U-WW.

U.WW
-90

CD 183mm.: 1111 . T I I I I II . I II 0 59:26 - 1 00:30

:— 102 ; Î

ES 101 Ç j 19.
g; E PRÜIÜMS 30kev z ,42125'
g; 100 ; L

Ë10—1—1lllllLJllllllllllllLl
T

UI 0:00 1:00 2.00
Fig. 4. Magnetic field (ISEE-l only) and particle data for the 11 Sep-
tember 1978 upstream event

intensity in the sector containing the magnetic field direction (flux
of particles streaming away from the bow shock along the inter-
planetary magnetic field). The spectra are plotted linearly against
energy. It has been shown by Ipavich et al. (in press 1981) in
a statistical analysis of upstream events measured at ISEE-l that
the spectra can be represented reasonably well by exponentials
in energy over the energy range 30—160 keV. Therefore we have
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fitted exponentials in energy through the two point spectra ob-
tained in this analysis (the fluxes at higher energies, i.e., at 120—
160 keV, at ISEE-3 for these events are always at background
level and cannot be used in the spectral representation). Also
given in Fig. 3 is the e-folding energy E0 of the two point spectra.
As can be seen from Fig. 3 the spectrum at ISEE-l is steeper
(EO: 10) than the ISEE-3 spectrum (E0: 13.1). Flux ratios between
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Fig. 8. Magnetic field (ISEE-l only) and particle data for the 25 October
1978 upstream event

i
[SEE-1 and ISEE-3 are 3.7 at ~30 keV and 1.6 at ~65 keV,
respectively. When comparing spectra between ISEE-l and ISEE-3
it should be noted that the intensities at both satellites are time
variable and that intensities are different in different sectors. Thus
a comparison as made here has, of course, to be considered with
caution.

Figure 4 shows magnetic field (ISEE-l only) and particle data
during an upstream event on 11 September 1978 in the same
representation as in Fig. 2. Figure 5 shows corresponding spectra.
The spectra are somewhat harder (E0: 16.5 and 25.4, respectively),
the flux ratios are 7.0 and 3.5 at ~30 keV and ~65 kev, respec-
tively.
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Fig. 9. Spectra during the 25 October 1978 event

Figure 6 shows an event on 30 September 1978 and Fig. 7
shows the corresponding spectra. We have always taken the spectra
10—20 min earlier at ISEE-l than at ISEE-3, allowing for a propa-
gation time of protons parallel to the field between the region
close to the shock and ISEE-3 at ~200 RE. The flux ratios of
upstream moving particles during the 30 September event are
3.8 and 1.5 at ~30 keV and ~65 keV, respectively. Finally, Fig. 8
shows magnetic field and particle data for the 25 October 1978
event, which has been previously published in Scholer et al.
(19800). The spectra in Fig. 9 show that there are large flux
changes between the two satellites, flux ratios being 14.8 and
5.2 at ~30 keV and ~65 keV, repectively.

At ISEE-l there is a flux decrease at higher energies (~
120 keV) from ~ 3: 50—4:00 UT. Ifwe had chosen the time interval
from 4:054: 15 UT for the spectral representation at ISEE-l the
flux ratios would have been ~14.5 and ~10 at ~30 keV and
~65 keV, respectively; the e-folding energy during this time inter-
val is ~16.8 keV.

Discussion and Interpretation

We have presented simultaneous observations of upstream energet-
ic protons close to the bow shock at ISEE—l and far upstream
at ISEE-3 during four different events. The results of this investiga~
tion are:

1. The proton angular distributions are more or less isotropic
at ISEE-l whereas at ISEE-3 no particles are seen to return from
upstream to the spacecraft. Scattering of particles at ISEE-3 is
therefore weak and particles move essentially scatter free.

2. Comparison of absolute flux values shows that there is a
flux decrease between ISEE-l and ISEE-3 by a factor which varies
between ~4 and ~15 at ~30 keV.

3. Spectra close to the bow shock are always steeper than
spectra far upstream. At ~65 keV the flux is reduced only by
~16 to ~5.

4. It seems that the flux decrease is larger if the spectra close
to the bow shock are harder (11 September event) and less if
the spectra close to the shock are steeper (e.g., 17 August event).
This is clearly based on only a few events and is not conclusive.

In Scholer et al. (1980a) we have argued that diffuse upstream
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particles at energies 230 keV can probably be explained in terms
of a first order Fermi mechanism at the bow shock. In an infinite
medium such an acceleration mechanism predicts a power law
spectrum close to the shock, whereas the observations show that
the spectrum is very close to an exponential in energy. We have
therefore suggested that the spatial limitation of the scattering
region upstream of the shock together with a mean free path
increasing with energy leads to a spectral form similar to an expo-
nential in energy. From intensity-time profiles at different energies
Scholer et al. (l980a) have indeed derived a diffusion coefficient,
K, proportional to energy, more specifically to energy per charge,
K oc E/Q.

Recently, Lee et al. (in press 1981) have solved the stationary
equations for first order Fermi acceleration at a plane shock under
the boundary condition that, at some distance L upstream, the
omnidirectional distribution function, f, is zero. They find that
in the limit VSL/K<1 (VS=upstream plasma velocity relative to
the shock) and under the assumption K oc E the energy dependence
off is given by an exponential in energy. Assuming f to be zero
at some distance x=L is not critical for calculating spectra close
to the shock, but in the frame work of such a model we can,
of course, not compare spectra close to the shock and at or beyond
the distance L. If we want to compare spectra close to the shock
and far upstream we have to invoke a two-component model
for the particle populations moving in the +x and —x directions,
respectively, as proposed by Terasawa (in press 1981). With U +

and U" as the corresponding differential number densities, the
diffusion-convection equations in the rest frame of the shock read:

— ô +_l —_ +
(v—Vs)äU

—’L'(U
U )

(5+VS>ËU—=1<U+—U-) (1)
ôx r

where r is the characteristic scattering time, Ü is the pitch angle
averaged velocity in the rest frame of the plasma: 17% 12/2;
Kzäröz. Assuming at x=L the boundary condition U"(x=L)
=0 the solution to (1) is (Terasawa, in press 1981):

—VU+=g(v1[exp1—VSx/x1 0+; exp1—VsL/x1]v s
-— VU- =g12712+VS [exp1— s/K1—exp1— VSL/Kn 12>

S

where g(17) is a function of velocity only and has to be deter-
mined by the boundary condition at the shock, x=0.

Figure 10 shows the ratio X: U+(x=L)/U+(x=o), as obtained
from (2) for two different energies and a solar wind velocity of
400 km/s vs the parameter VSL/K. Assuming K oc E the value of
VSL/K is, at 60 keV only half the value of VSL/K at 30 keV and
this results, according to Fig. 10, in a larger value X (60 keV).
This predicts a flattening of the spectrum between ISEE-l and
ISEE-3, which is indeed observed during all four events investigat-
ed. Variability in the flux ratios between ISEE-l and ISEE—3 from
one event to the next is, according to this model, due to changes
in the parameter VSL/K. From the measured flux decreases we
obtain values of VSL/K at 30 keV between ~1 and ~2. This
is, of course, only true if there is no further loss between the
region of free escape and the point of observation far upstream.

The measured difference in the flux ratio between ISEE—l and
ISEE-3 at the two different energies, ~30 keV and ~60 keV,
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can only be explained if the diffusion coefficient increases with
energy at least according to K oc E (assuming L to be independent
of energy). Note, that this results is independent of the knowledge
of the spectral shape, i.e., the function g(b), and is based only
on ratios near the shock and beyond L at different energies. This
is consistent with our earlier result in Scholer et a1. (1980 a), where
we derived a linear dependence of K on E from the intensity-time
profiles. However, the data are also not inconsistent with an energy
dependence of K such as K oc El'5 as required by Terasawa (in
press 1981) in his acceleration model, where the shock is considered
to be a partial reflector of particles.

As mentioned earlier, Lee et al. (in press 1981) have derived
the spectrum of the accelerated particles by assuming that, at
the shock, the product of particle differential streaming with the
cross sectional area of a flux tube across the shock is conserved.
In the limit VSL/K < <1 and assuming K oc v2 the distribution
function, f, at the shock is an exponential in velocity squared.
From the absolute flux comparison we have seen that VsL/K is
of the order of 1. It can, however, be shown that even for values
VSL/K ~l the distribution function can still be fitted very well
over a limited energy range, say from 30—160 keV, by an exponen-
tial in energy and that values of VsL/K30 between 1 and 2 (K30: K
at 30 keV) will result in e-folding energies, E0, between ~10 and
20. The e—folding energy increases with VSL/K30, larger values
of VsL/K30 lead, according to Fig. 10, to larger flux differences
between x=0 and x=L which is consistent with the observations
of e-folding energies close to the shock, as presented in this paper.

In summary, we have studied four upstream particle events
where simultaneous data exist close to the bow shock from ISEE-l
and far upstream from ISEE-3. The flux (in the sector containing
the magnetic field) far upstream is lower by a factor which ranges
from 4 to 15 at 30 keV for the four events. The spectra far upstream
are harder than the spectra close to the shock. The spectra and
flux differences can be understood in a model where particles
are accelerated by a first order Fermi mechanism at the shock.
The scattering has to be limited to some region close to the shock,
the distance from the shock is of the order of K/ Vs with K as
the diffusion coefficient at ~30 keV and Vs as the solar wind
velocity. The diffusion coefficient used in this model has to increase
approximately linearly with energy.
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Non-Adiabatic Expansion of Low-Temperature Solar Wind
Radial Temperature Gradients
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Abstract. The occasional observation of very low temperatures
in the solar wind at 1AU are of great interest temperatures in
the solar plasma dropping on average, to one third and one
tenth of the value for the ambient solar wind, for electrons and
protons, respectively. In explanation of this phenomenon, a
hypothetical magnetically closed structure in the solar wind is
tested assuming two different sets of conditions. The first con-
siders the structure, hereafter called “blob”, expanding radially
outwards from the sun but not adiabatically. The second in-
volves a rapid pressure equalization across the boundary of the
moving blob. To test these models, we used a set of semi-
empirical specific heats, different for protons and electrons, and
applied semi—empirical temperature gradients in the ambient
solar wind, different for fast and slow flow.

Contrary to an older model, which assumed a pure adia—
batic expansion and used the Hartle-Barnes theoretical tem—
perature gradients, the result, after this test, showed that the
modified blob model could reasonably support the obser-
vations, suggesting additionally a possible blob-origin at a dis-
tance of the order of ten solar radii.

Key words: Solar wind temperature — Radial temperature gra-
dients

Introduction

Theoretical treatment of the hydrodynamic conditions in the
solar wind, its heat conduction and especially the prediction of
its temperature (Parker 1963; Whang and Chang 1965; Hartle
and Sturrock 1968; Hartle and Barnes 1970; Yeh 1971; Hund-
hausen 1972; Hollweg 1976) is supported by experiments in
space but these also reveal new aspects of solar wind properties
(Montgomery et al. 1968; Burlaga and Ogilvie 1970; Gosling et
al. 1972; Feldman et a1. 1975).

One surprising phenomenon, the detection of “very cold”
solar wind plasma, has attracted a systematic analysis (Gosling
et al. 1973; Montgomery et al. 1974; Gosling and Roelof 1974;
Geranios 1978). These observations, made by Vela 5, 6 and
IMP 6 satellites, after the passage of an interplanetary shock
front or solar wind stream, last on the average 10-40 h, or even
longer. During this period both the electron and proton tem-
peratures are anomalously low. It is generally believed (above
mentioned authors) that this effect could possibly originate

* Present address. Max Planck lnstitut für Aeronomie, D-34ll Kat-
lenburg, Lindau 3, FRG

0340-062X/8l/0049/0192/$01.20

from regions in the solar wind which are surrounded by closed
or nearly closed interplanetary magnetic field lines. Therefore,
these regions are thermally isolated from the relatively hot
corona and are cooling down in relation to the plasma embed-
ded in open field lines, as they expand away from the sun.

Theoretical models, proposed by Whang and Chang 1965;
Hartle and Sturrock 1968; Hartle and Barnes 1970, express the
parameters of the solar wind analytically assuming good ther-
mal contact between the solar plasma and the solar corona
along the interplanetary magnetic field lines. Consequently, ob-
servations of cold plasma suggest an interruption of this ther-
mal conduction.

Due to the expansion and convection of such regions,
“blobs”, by the solar wind, at an average speed of 400 km/s, by
1AU they grow to a large size, of about 0.1-0.4 AU. (Originally,
the expression “blob” was used by Barouch and Burlaga
(1975), for a region in which the interplanetary magnetic field
strength is high.) It is assumed that blobs started expanding
somewhere between the sun and the earth. By assumming that
they have followed a certain law during their expansion, for
example an adiabatic expansion, we could estimate the place of
their origin.

A method shown in principle in Fig. 1, described elsewhere
(Geranios 1978), is based on the fact that at the origin the
temperature inside the blob should be equal with that outside.
The inner temperature falls progressively down to the measured
value at 1AU, 5.5 X104°K and 1.5 x104°K for electrons and
protons respectively.

Using the Hartle and Barnes temperature gradients for elec-
trons and protons in the ambient solar wind provided by the
two-fluid model (Harthe and Barnes 1970) and the above ob-
served low temperatures, we calculated independently for each
main plasma component the radial distance from the sun of the
apparent origin of the blobs. At this distance, the particles
under consideration should be thermally decoupled from the
corona. For the calculations we used two different models of
the type of expansion:

(a) pure adiabatic expansion in radially streaming solar
wind, and

(b) rapid pressure equalization across the boundary,
hereafter called model I and model 11. The blob-formation
distances thus calculated showed large discrepancies between
electrons and protons, a fact which is inconsistent with what
we might expect: that in the cold, expanding region, part of the
solar wind, both electrons and protons should stay together
(charge neutrality) (Geranios 1978). Therefore, under these con-
ditions the closed magnetic loop or blob model is unlikely to
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be the major cause of the electron and proton temperature
depressions.

In this paper we attempt a new explanation of the anom-
alous solar wind temperature effect with the calculation of
empirical specific heat coefficients, different for electrons and
protons. In addition, we give empirical electron and proton
temperature gradients, discriminating fast from slow solar wind
(Helios—1, Rosenbauer et a1. 1977).

Calculation of Semi-Empirical Specific Heats
for the Low-Temperature Regions

Inside the blob we assume a radial, spherically symmetric tem-
perature variation within the plasma and time independent
expansion

Ti/To=(r/ro)‘2(“ ’1’ (la)
Ti, T0 are the temperatures of the plasma at radial distances r
and r0, respectively, and y is the ratio of the specific heat at
constant pressure to that at constant volume. For an adiabatic
expansion y=5/3, as in a fully ionized gas with three degrees of
freedom (Spitzer 1962). To apply Eq. (1 a) with y=5/3 to the
electron and proton temperatures, the region under study
should be completely thermally isolated from the neighbour-
ing plasma. But this is an ideal condition. For a more realistic
case we assume that

(1) the expansion is not purely adiabatic, so y should be
lower than 5/3, and

(2) y is different for electrons and protons.
With these restrictions we calculate the new values (323) for
electrons and (y‘i) for protons, using

(a) the boundary conditions of the Hartle-Barnes model,

and
(b) the experimentally measured temperatures at 1AU (Ge-

ranios 1978):
at r0=2R0, 7;: 1.2 ><106 °K for protons

To: 1.5 x 106 °K for electrons,
and

at r =1AU,T,. = 1.5 ><104 °K for protons,
and

Ti =0.5 >< 105 °K for electrons.
R0, being the radius of the sun.

Equation (1a) gives

v1=(2-A)/2
where A=ln(Ti/To):ln(r/ro) and with substitution of the above
boundary values we have

3"; = 1.53 for protons, where Ap = _ 0_94

and

vi = 1.37 for electrons, where Ae = — 0.73

yielding v‘i <v‘1’ <rad-
Subscripts 1, 2 refer to models I, II. For model II we also use

the same boundary conditions and as the electrons of the solar
wind are much hotter than the protons, the total pressure of
the ambient solar wind is represented by the electron pressure.
The corresponding equation for this model is:

Ti/To=(î‘/i‘0)"”—”(”2”yz (1b)
(Geranios 1978) 8:0.316, being the electron temperature gra-
dient (Hartle and Barnes 1970), according to which we obtain

y2=(8+2)/(8+2+A)

and we have

yä = 1.68
yâ= 1.46

for protons, and
for electrons.

Models Using an Empirical Model
for the Ambient Solar Wind

Measurements of solar wind electron and proton temperatures
at different distances from the sun (0.3—1.0) AU, performed by
Helios-1, revealed radial gradients not only different from those
theoretically predicted, but also different for slow and fast solar
wind speed (Rosenbauer et al. 1977). The data for the electron
and proton temperature gradients are obtained from tempera-
ture and solar wind speed measurements for the period 14
December 1974—15 April 1975, during which Helios-1 ap-
proached the sun up to a radial distance of 0.309 AU, after its
launch on 10 December 1974. The caluclated gradients take
into account that the solar wind is distinguished into slow and
fast, VS<550 km/s, V,>550 km/s. An example of temperature
gradients is given below (all are unitless exponents)

Electrons 8f =0.8 for fast,
Electrons es =0.5 for slow solar wind.
Protons bf=0.35 for fast,
Protons bs =0.62 for slow solar wind.

Generally, for fast solar wind, as tends to the value of 0.5, while
for slow solar wind, 8f tends to 1 (Philipp 1978). Figure 2
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Fig. 2. Comparison between theoretically calculated H—B temperature
gradients and those experimentally derived. Te, Tp refer to the Hartle-
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the distance at which the H-B model predicts a break-down of the
gradient Tp. 66 R0—214R0 is the distance explored by Helios—1

compares the theoretical gradients with the empirical ones used.
Applying these four temperature gradients and assuming that
they are constant over the range 2-214R0, having similar values
for the period August 1969—May 1974 (the period during which
the low temperature regions are detected), we test the two
models I and II. We used the same value suggested by Hartle
and Barnes (1970) for the proton temperature gradients for
2R0—38R0. For the calculated proton temperature gradients we
used 16000 approximately hourly temperature-speed data
covering a period of three years (December 1974—December
1977), measured by Helios-1.

For each of the 30 very low temperatures analysed (Ge-
ranios 1978), detected by the IMP and VELA satellites at 1 AU
(Feldman et al. 1975), we measure the temperature before and
after the low temperature period (two values of Ta), and the
minimum temperature (T,). These values are shown in Table 1.

We classify the 30 events observed (Table 1) into two cate-
gories,

(1) fast solar wind, and
(2) slow solar wind.

(The cases related to fast solar wind are marked in Table 1
with f.) All coefficients involved in the calculations are shown
in Table 2.

AlodelI

For protons we have

Ta/To=(38/r0)‘“(r/38)"bf’s for 38R0§r§214R0 (2)

and

7;/T0=(r/r0)““ for 2R0§r<38R0 (3)

both
for 2R§r0<38R0.
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Table 1. Temperatures before (T1) and after (T2) very low temperature
observations, minimum temperature Tm, recorded by IMP and VELA
satellites. Subscript e refers to electrons, p to protons. Letter f denotes
fast solar wind

No. T; Tf T; T; T1” T; V

x 104 °K (km/s)

1 — — — 0.8 19 15 490
2 5.0 11.8 12.0 2.5 7.5 14 375
3 4.2 17.0 26.7 3.5 15 50 700f
4 7.5 14.2 10.0 2.0 29 16 415
5 6.8 9.5 10.0 0.8 7 3 370
6 4.5 22.0 12.0 4.0 30 10 500
7 6.5 15.5 12.2 1.2 10 7.5 365

8 7.5 21.5 14.5 — —- — 710f
9 4.5 11.5 8.0 1.8 18 7 455

10 3.3 9.5 15.1 3.7 25 14 620f
11 5.0 13.0 16.5 3.0 18 8 495

12 6.0 15.0 17.0 2.0 16 24 370
13 — — — 0.3 16 10 430
14 5.0 8.0 13.0 1.5 17 13 400
15 5.0 10.0 18.0 2.0 14 18 380
16 5.0 10.8 7.6 1.8 12 16 440
17 4.5 15.6 10.3 1.0 18 12 430
18 8.3 25.5 20.8 0.8 42 11 525
19 6.6 30.0 14.5 1.0 4.7 3.7 350
20 5.0 19.0 15.1 0.8 10.7 16 455
21 6.1 13.6 23.9 1.6 9 33 —

22 5.8 20.6 15.1 1.3 20 16 635f
23 5.6 13.5 10.6 0.8 4.7 3 370
24 5.6 10.6 15.1 0.8 3 16 300
25 5.3 27.5 13.1 0.8 44 13.5 600f
26 1.4 7.3 7.0 3.1 20.5 10.2 ——

27 4.4 13.8 25.0 1.3 22 12 420
28 6.6 16.0 24.0 1.3 6 36 —

29 5.0 20.0 24.0 2.5 51 41 565f
30 6.3 15.6 14.4 1.7 18 13.6 600f
31 4.6 13.3 13.5 1.6 7.8 16.7 400
32 —- —- -— 21. 19 16 6001‘

Table 2. Polytropic indices (y) and electron and proton temperature
gradients (8 and b) for fast (f) and slow (3) solar winds

Electrons Protons

Model I y‘î = 1.37 yf = 1.53
Model II yâ = 1.46 y‘; = 1.68
Fast a] =0.8 bf =O.35
Slow 8, =0.5 b5 =O.62
Theoret. yad= 1.67 a =0.349

8 =O.316 b =1.272

(From here, r denotes distance from the sun, variable, and r0
denotes location of the blob-origin, indices f, S apply to fast,
slow solar wind cases, Table 1.)

a=0.349 (Hartle and Barnes 1970)

Ta is the temperature outside the blob at the sistance r. Using
Eq. (la) we have, for fast and slow solar wind, respectively.

r0 = (Ti/Taÿ/(CP —a)38(a —bf‚s)(a—CP) r(bf,s—CP)/(a—CP) (4)

for
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3812092214120, and
Cp’e=2(yq’e— 1).

2R0§r0<38R0

For each of the two categories we obtain

r0=r(T‚./Ta)1<CP-a> for 2R0§r<38R0,2R <r0:0 <38R0. (5)

A third case, which does not apply here is

r,=r(T,/Ta)1/(C”"’“) for 38R0§r§214R0,38R0§r0§214R0.
For electrons, the corresponding equations are

ovum-w <6)
and using Eq. (la) we have

r0=r(Ti/7;)1/(Ce“°‘f’s) for fast and slow speeds. (7)

Model 11

For protons we use Eq. (1b)

Ti/To=(r/ro)‘df’s
and with

E/I,=(38/ro)‘“(r/38)‘bf’s
gives for

38R0§r§214Rm 2R0 gr, < 38Ro

r0=(Ti/7;)1/(d}’,s—a)38—(a—bf,s)/(d}’,s—a)r(bf,s—d}’,s)/(a —d}’,s) (8)

for fast and slow solar wind, respectively.

d1}: = 03’ e * 1>(af‚s+ 2mal
p applies to protons and e to electrons.

In the range 2—38R0 for fast or slow solar wind we have

r0=r(Ti/Ta)1/(dp—a’ for 2R0§r0<38R0. (9)

Similarly, for electrons we obtain, for 2R0§r§214R0

”flaw/mgr...)
for fast and slow solar wind.

for 2R0 :_<_ro <38R0.

Substitution of r by 214 (the distance of the observation) and of
the measured temperatures Tl. and the two T1, T2, which are
the outside temperatures Ta (Table 1), into the above equations
gives the possible ranges inside which the blobs might originate
(Table 3). These ranges correspond to Tl—T2 in Table 1. For the
cases in Tablel related to fast solar wind the possible ranges
for electrons are at much larger distances than lAU for model
I, while for model 2 they are at much shorter distances than
one solar radius. This result is due to the apparently very large
radial gradient used (0.8).

The frequency distributions of these distances are shown in
Fig. 3. Here, the whole of the electron and proton distributions
are overlapped, suggesting a mean distance of the origin of the
blobs of protons and electrons around 10 R0 for both models.
The large width of the frequency distributions is due mainly to
the large uncertainties in the temperature measurements and to
the logarithmic scale used in the ordinates.

Results

Blob models which have previously been considered as possible
candidates for the explanation of the phenomenon of very low

Table 3. Distance ranges where blob apparantly originated, calculated
for the two models, separately for electrons and protons

No. Model I Model II

Range of rj Range of rf,’ Range of r5 Range of rf,’
(R0) (R0) (R0) (R0)

1 — 1.3— 1.8 — 0.9— 1.3
2 5.6— 6.0 9.8—23.6 10.2—10.8 7.9—20.1
3 >214R0 5.1—27.6 <<1R0 7.2—33.4
4 15.2—64.5 2.6— 5.9 23.3—78.7 1.9— 4.6
5 42.9 — 53.1 5.2 — 17.3 56.0— 67.0 4.0— 14.4
6 0.3— 3.6 6.5—30.5 0.7— 7.1 5.1—26.5
7 57—151 5.6— 8.4 10.4—24.0 4.3— 6.7
8 >214R0 — <1R0 —
9 4.3 — 19.5 4.3 — 16.4 8.2— 29.0 3.3 — 13.6

10 >214R0 14.5—32.8 <1Ro 18.7—39.1
11 1.5— 4.0 8.9—27.9 3.4— 7.7 7.1—24.0
12 2.8— 4.7 3.4— 5.9 5.7— 8.9 2.5— 4.6
13 — 0.4— 0.8 — 0.3— 0.5
14 4.0—30.2 3.6— 5.3 7.7—41.8 2.7— 4.1
15 10—119 5.0— 7.2 2.5—19.2 3.8— 5.6
16 86—374 5.1— 7.7 14.7—49.9 3.9— 6.0
17 1.2— 6.8 1.9— 3.4 2.8—12.0 1.4— 2.5
18 2.0— 4.7 0.4— 2.8 4.3— 8.8 0.3— 2.0
19 0.4— 8.0 12.6—17.6 1.1—13.9 10.2—14.7
20 0.8— 2.1 1.6— 2.9 2.1— 4.6 1.2— 2.1
21 — — — —
22 >214R0 4.6— 6.3 <<1R0 6.5— 8.7
23 5.5 — 15.0 9.2— 17.3 10.0—23.3 7.3 —14.4
24 3.4—15.0 1.6 —17.3 6.8 —23.3 1.2— 14.4
25 >214R0 0.8— 4.0 <1R0 1.3— 5.8
26 — — — —
27 0.2— 1.8 2.1— 4.9 0.5— 4.0 1.5— 3.7
28 — — — —
29 >214R0 3.1— 4.2 <1Ro 4.6— 6.0
30 >214R0 7.7—11.5 <<1R0 10.5—15.1
31 2.4— 2.6 4.1—11.9 5.1— 5.3 3.1— 9.7
32 >>214R0 9.6—12.3 <1R0 12.9—16.0
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Fig. 3. The frequency of occurence of blob formation distances r0 versus
R0 with the same calculated y’s as in Fig.2 and the experimentally
estimated temperature gradients for protons and electrons according to
models I and II. The distinction between fast and slow solar wind is
also taken into account
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temperatures in the solar wind plasma under conditions of
adiabatic expansion could not explain the temperature depres-
sions (Geranios 1978).

In the paragraph here concerning specific heat calculations,
which are different for protons and electrons, we have changed
the condition of diabatic expansion, which the models tested
previously were based on. Due to the fact that up to distance
of at least 2/3 of 1AU the temperature of protons and elec-
trons in the solar wind have been measured by the heliocentric
satellite Helios-1, we can calculate the radial temperature gra-
dients.

The new test of the blob model is based on the assumption
that the mean temperature gradient during the observed low
temperature periods (August 1969—May 1974) is the same as
the gradient during the period of Helios measurements, and is
valid from 2—214R0. For protons, we assume a validity in the
range 38—214Ro, and for the distance 2—38Ro we apply the
same gradients as suggested by the Hartle-Barnes model.

The new information, that, the variation of temperature
with distance is not unique but different for slow and fast solar
wind (Rosenbauer et al. 1977) suggested two acceleration mech-
anisms for the solar plasma and led us to calculate two dif-
ferent values of radial temperature gradients for each com-
ponent. Comparison with the theoretically derived values gen-
erally shows lower values for protons but higher for electrons

Protons bf=0.3 bHB
Protons bs =O.5 bHB
Electrons 8f =2.5 bHB
Electrons es = 1.5 bHB

The calculated values of the proton radial temperature gradient
are generally in agreement with the suggestions of Eyni and
Steinitz (1978). According to their analysis, the slow solar wind
(V<500 km/s) shows a gradient of —0.8, while for the fast
(V> 500 km/s) solar wind, there is no evidence for cooling of
protons because the gradient is less steep. The discrepancy
between our calculated gradient (—0.62) and that calculated by
Eyni and Steinitz (— 0.8) may be due to the

(1) different periods of analysis (possible temporal effects)
(2) restricted distance range used by Eyni and Steinitz

(0.707—1.01 AU), and
(3) strong dependence of temparature on speed, which we

have taken into account.
The result after treating the blob model with experimental
temperature gradients which are different for low and high solar
wind speed, while the adiabatic expansion of the blob is not
retained, suggests that the blob might provide an explanation
for the depressed temperature regions as shown in Fig. 3. Ac-
cording to this Figure, the suggested formation distance for
these regions (blobs), for both models, fluctuates around 10 R0.

Due to the fact that nearly all calculated polytropic indices
y‘i, VI}, 323, and y’; are close to the value 5/3 which characterizes
an adiabatic expansion, an independent adiabatic model as the
explanation of the very “cold” solar wind would also work.

Discussion

The result shown in Fig. 3 suggests that it is not unreasonable
that blobs are formed at heliocentric distances of lORo. Fol-
lowing the recognition of bidirectional anisotropies in solar
wind protons and electrons, observed by Explorer 34, 41 and
Vela 5B, 6A and 6B, aligned with the interplanetary magnetic
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field lines, Palmer et a1. (1978) suggested the existence of large-
scale magnetic bottles behind interplanetary shocks. The mean
duration of the bidirectional anisotropies was nine hours, rep-
resenting a spatial extension of the region characterized by
these anisotropies of about 0.13 AU. During these periods, a
decrease of high-energy cosmic ray flux takes place, as in our
case, when an interplanetary shock wave is identified simoul-
taneously with a very low temperature plasma (Geranios 1978).
The main difference is that in their model the magnetically
closed region is attached to the sun, while in our case it is
detached from the sun. In addition, during the 4th Inter-
national Solar Wind Conference, it was reported (Pilipp et a1.
1978) that low temperatures coinside with interplanetary mag-
netic sector boundaries, where the field configuration shows
closed features. Possible observations of very low plasma tem-
peratures in the solar wind, not only at lAU but also nearer
to the sun, performed succesively by Helios-1 and Helios-2,
could eliminate temporal effects, and therefore could offer bet—
ter observations for a further analysis of this phenomenon.
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Correlation Between Seismic Microactivity, Temperature and Subsidence
of Water Level at Reservoirs

G. Merkler*, G. Bock**, and K. Fuchs
Geophysikalisches Institut der Universität Karlsruhe, Hertzstr. 16, D—7500 Karlsruhe 21, Federal Republic of Germany

Abstract. Large reservoirs in the Alps and Romanian Carpathians
have been monitored by high gain seismic stations over a period
of six years. Microearthquakes with local magnitudes less than
zero showed a clear correlation with variations of the water level.
A model is presented which explains the time-distribution of this
weak seismic activity as caused by the freezing of water in near-
surface cracks exposed to freezing temperatures when the water
level falls. This model is supported by an analysis of the correlation
between the seismic micro-activity, average daily temperature dis-
tribution and rate of water—level-decrease. Precise locations of the
events and estimates of energy corroborate the proposed model
for the generation of this type of seismic micro-activity at reser—
voirs in high mountain regions.

Key words: Ice induced seismicity — Daily variation of microtrem-
ors — Microtremors at reservoirs — Freezing water in near-surface
cracks

Introduction

In 1971 a seismic monitoring program was started at two reser-
voirs in the Austrian and Swiss Alps. In addition, three reservoirs
in the Romanian Carpathians have been monitored seismically
since 1974. At the five reservoir sites compatible high gain short
period seismic stations have been Operated.

The longest duration of seismic recording was at the Schlegeis
reservoir, Austria. Recording commenced in May 1971 and is
still continuing. Results of the seismic observations at Schlegeis
have been reported earlier (Blum and Fuchs 1974; Blum et al.
1977; Bock 1978 b).

Numerous weak tremors with local magnitudes less than zero
occurred here, predominantly during periods when the water level
was being lowered and while it was at a minimum. This result
was not expected because at other reservoirs with reported induced
seismic activity, the activity usually starts during periods of
rising water level. An example is the Vajont reservoir, Italy (Caloi
1966; Bozovié 1974). Many other similar examples have been
reported by Gupta and Rastogi (1976). But the characteristic fea-
ture of the temporal distribution of the seismic events at Schlegeis
was not an isolated case. Similar seismic activity was also observed
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versity, Sonderforschungsbereich 77, Felsmechanik of Karlsruhe Uni-
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at other reservoirs such as Emosson (Switzerland), Bicaz, Lotru
and Arges (Romania), where the seismic surveillance started later
than at the Schlegeis. This paper summarizes the common features
of the local seismic activity observed at the five reservoirs and
presents a model which explains the observations.

Seismic Observations

At each reservoir at least one short-period vertical component
seismic station was installed. The amplification of the total record-
ing system was up to 106 at 10 Hz. Details of the reservoir and the
seismic surveillance are given in Table 1, together with the dimen-
sions of the reservoirs.

The seismometers are placed within the dam at Schlegeis,
Emosson and Bicaz, and at the other reservoirs, within a distance
of a few hundred metres from the dam. The seismic station in
the Emosson dam is operated by the Schweizerischer Erdbeben-
dienst, Zürieh. Recordings are made on an ink recorder with
continuous paper loop at a Speed of 300 mm/min at Schlegeis
(Blum and Fuchs 1974) and 240 mm/min at the seismic stations
in the Romanian Carpathians (Merkler et a1. 1975). The time-
reading precision is 0.05 s. At Emosson a film recorder was in-
stalled providing a time-reading precision of 0.1 s.

Seismogram examples from local events are shown in Fig. 1.
They are characterized by high frequency oscillations between
10—15 Hz with a duration of about 1 s. S-P travel times, as read
in the case of some of the stronger tremors, are less than 0.2 s.

Local magnitudes of these local tremors have been estimated
roughly from their signal duration (Tsumara 1967; Lee et a1.
1972) to be ML<0. No local tremors with magnitudes greater
than 0 have been observed. The radiated seismic energy ranges
between 107—1012 erg, from application of the empirical relation
between seismic energy and local magnitudes derived by Guten-
berg and Richter (1956).

The time distribution of local events observed at the five reser—
voirs is depicted in Fig. 2. A striking feature in Fig. 2a—c is that
the times when the water level was rising are characterized by
decreasing seismic activity or even its absence. The maximum
of local seismic activity is predominantly observed during periods
of decreasing and minimum water level.

This is clearly seen for the time distribution of local events
at the reservoirs Schlegeis, Emosson and Bicaz in Fig. 2a—c. At
Lotru (Fig. 2d) a periodic occurrence of seismic events is also
observed. But the variation of the lake level is too small to establish
a coincidence of increasing activity and subsiding water level.
However, there is a seasonal variation, the local events at Lotrux
also oeeurring predominantly in winter and spring. At Arges



Table l. Reservoirs under seismic surveillance

Dam Volume Year of Beginning Amplification of ground
(10" m3) completetion of seismic displacement at 1 [-12

Height Type Basement observation
(m) rock

Schlegeis. 130 Arch. butress Gneiss 129 1971 May 1971 16500 till April 1972: later 33000
Austria

Emosson, 180 Arch Granite 225 1974 Sept. 1973 10000 till Sept. 1974 later on 20000
Switzerland

Bicaz. 127 Gravity Flysch 1230 1961 Nov. 1974 30000 during the day
Romania 100000 during the night“

Lotru, l 18 Rockfill Gneiss 340 1975 Nov. 1974 35000 during the day
Romania 70000 during the night‘l

Arges. 166 Arch Gneiss 465 1965 April 1965 30000 during the day
Romania 100000 during the night“

a Night amplification from 8 p.m. to 6 a.m. local time
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Fig. l. Examples of seismograms

Table 2. Number of seismic events observed at the Romanian reservoirs Bicaz, Lotru. and Arges

Location Total number Number of events with 8-1” times between Period of analysis

(S-PgS s) (0—1 3) (1—2 s) (2—-3 s) (3—4 s) (4—5 s)

Bicaz 943 857 10 3 69 4 Nov. 4. 1974; June 1. 1978
Lotru 1777 1144 94 78 366 95 Nov. 7, 1974; June 1, 1978
Arges 651 75 314 155 79 28 April 4, 1975; June 1, 1978

(Fig. 2e) seismic activity increases during times of low water level.
However, this area is characterized by a comparatively high level
of seismicity, most likely of tectonic origin. throughout the year.
For the Schlegeis reservoir (Fig. 2a), all local shocks have S—P
times less than 0.2 s. For the Emosson reservoir (Fig. 2b) events
with S-P times less than 0.2 s are plotted in the upper part of
the temporal distribution. Most of the shocks with S-P times
greater than 0.2 s are of natural tectonic origin (Bock 1978b).

The observed data from the seismic stations at the Romanian
reservoirs are shown in Fig. 2c—e and all seismic events with S-P
times up to 5 s are considered. However, at Bicaz and Lotru

most of them have S—P times less than 1 s. At Arges, the maximum
number of seismic events falls into the S—P time range between
l and 2s (i.e., 8—16 km). The proportion of local events with
S—P times less than 1 s (i.e., <:: 8 km) at Arges is not as conspicuous
as at the other two reservoirs in the Carpathians (see Table 2).

In the plot of the time distribution observed at the Romanian
reservoir stations, earthquakes are also included which are part
of the increased seismic activity in the Carpathians after the strong
Vrancea-earthquake of 4 March 1977.

It has been pointed out by Fuchs et al. (1979) that seismic
activity migrated after this date not only to the foredeep in the
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Vrancea region but also into the Carpathian mountains up to
distances of more than 100 km. At Bicaz (Fig. 2c) the peaks in
seismic activity in March and April 1977 are part of this migration
phenomenon. At Lotru the number of earthquakes also increased
drastically in March and April 1977 (ISPH-IGK 1977) as can
be seen in Fig. 2d. At Arges seismic activity doubled after the
Vrancea-earthquake (Fuchs et a1. 1979).

As reported by the Romanian-German seismological working
group (Bock 1978 a) epicenters of earthquakes from these series
(March—April 1977) were located 20 km away from the Bicaz and
Lotru stations. Therefore, seismic events connected with the migra-
tion phenomenon are eliminated from further analysis in this
paper. They clearly fall outside the range of local events situated
close to the reservoir stations which are characterized by S—P
times of less than 0.2 s and l s, respectively.

Locations of some of the seismic events have been obtained
for the Schlegeis reservoir (Blum et a1. 1977). A11 located shocks
are shallow and not deeper than 300 m. Due to lack of spatial
resolution a more accurate determination of focal depths within
the range 0§z§300 m could not be given.

The epicenters are concentrated on the waterside of the dam.
Only a few events appeared in the region of greatest water depth
(Blum 1975; Blum et al. 1977). Bock (1978 b) argues, on the basis
of detailed numerical experiments, that in the case of Schlegeis
reservoir the stress induced by loading and unloading and changes
in effective water pressure at depth do not reach critical values
for rock fracture.

In October 1977, two additional seismic stations were brought
into operation at the Schlegeis reservoir, situated about 2 and
3 km south of the dam at the waterside (Fig. 3a). Local events
were also recorded by these stations. An example is given in
Fig. 3b. On the records of the dam stations no seismic signals
were observed from these events. That means that their foci are
located further away from the dam site.

Correlation Between Number of Events, Temperature,
and Water Level Variations

The key to understanding the mechanism of the observed local
shocks is in their seasonal variation and daily time distribution
which is depicted in Fig. 4. With the exception of Arges, a clear
maximum of seismic activity appears between 0 and 10 a.m. local
time. The minimum activity occurs at noon.

At Bicaz and Lotru the stations had to be run during the
day with 1/2 or 1/3 of the nightly gain, respectively, due to indus-

trial noise (Table 1). The number of events likely to be unobserved
by these stations during the day due to the reduced gain is negligi-
ble compared to the actually observed decrease in the number
of detected events during the day (Bicaz about 250, Lotru about
230). Similar daily distributions of seismic events have been ob-
served at the Kurobe dam (Hagiwara and Ohtake 1972), and
the Kamafusa dam (Suzuki 1975), both in Japan, and also in
Italy (Caloi 1972). They concluded that variations of physical
parameters with a daily period should be part of the mechanism.
From these parameters, the variations of atmospheric pressure
and earth tides can be ruled out, because the seasonal variation
of seismic activity could not be thus explained. Therefore, it seems
to be more promising to consider seasonal and daily temperature
variations as a possible mechanism. The correlations between the
number of shocks on the one hand and the temperature and
the change of lake level on the other hand are now discussed
in detail.

In the Fig. 5a—d the occurrence of local tremors is analysed
with respect to the average daily temperature and with respect
to changes of the water level. For one interval typical of the
whole observation period the measured air temperature and the
number of events are plotted in the upper parts of Fig. 5a—d.
At Schlegeis as well as at Bicaz and Lotru, seismic acitivity in-
creases as soon as the temperature falls below the freezing point
of water. The relation between tremor frequency and the decrease
of water level is less pronounced than the relation between tremor
frequency and freezing temperatures. For instance local shocks
were also observed during periods when the rate of fall of the
water level was low (e.g., at Schlegeis in October—December 1974,
see Fig. 5a). In spite of this the subsidence of the water level
must also be taken into consideration to understand the mecha-
nism of the observed tremors. This is discussed later in connection
with the proposed model.

In the lower parts of Fig. 5a—d correlation diagrams are shown
for the whole observation period. The number of shocks is plotted
against the average daily temperature and the rate of water level
variation, respectively. Most of the activity at Schlegeis, Bicaz
and Lotru occurs during frosty periods (Merkler et a1. 1980). These
are also, more or less, the periods of decreasing water level. Only
at Arges (Fig. 5d) is a major part of the seismic activity observed
at periods when the average daily temperatures are positive. In
Table 3 the corresponding values are given for the correlation
diagrams. The observations are summarized as follows:

(a) the ratio between the number of frosty days with observed
seismic activity and without activity is between 0.29 and 0.55.

Table 3

Schlegeis Lotru
-

Bicaz Arges
05.71—01.77 06.74—03.77 11.74—02.77 04.75—06.78

With seismic activity (n‘B) 170 77 74 85
Frosty days { Without seismic activity (n‘O) 583 222 212 154

n‘B/n‘O 0.29 0.35 0.35 0.55
Frosty days with With seismic activity (n‘ ’B) 140 58 56 59

Subsidence of Without seismic activity (n‘ ’0) 449 120 208 114
water level n‘ ’B/n‘ “0 0.31 0.48 0.27 0.52

With seismic activity (n+3) 73 35 38 263
Frost—free days Without seismic activity (n+0) 1277 304 540 654

n+B/n+0 0.06 0.12 0.07 0.40

n+B/n‘B 0.43 0.45 0.51 3.09
n+B/n‘ ‘B 0.52 0.60 0.68 4.46
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(b) a similar ratio is observed for the number of days on which
frosty temperatures and decrease of the water level occurred at
the same time and day. It is between 0.27 and 0.52. This indicates
that most of the tremors on frosty days occur during subsidence
of the water level.

(0) the ratio between the number of frost-free days with and
without seismic activity observed at Schlegeis, Lotru and Bicaz
is a factor between 3 and 5 smaller than the corresponding ratio
for frosty days under (a). In contrast, the ratios under (a) and
(b) observed at Arges are of the same order.

(d) the ratio between the number of frost-free days and frosty
days with seismic activity is, at Schlegeis, Lotru and Bicaz, between
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0.43 and 0.51. That means that about two thirds of the seismic
activity shows up during frosty periods. On the other hand, at
Arges this ratio is 3.09, that is more tremors occur on frost-free
days. The ratio of the number of frost-free days with observed
seismic activity to the number of frosty days with subsidence
of water level at the same time is between 0.52 and 0.68 (lowest
row of Table 3). At Arges, this ratio is also greater than 1 (Merkler
et al. 1978).

Correlation coefficients have been computed between the
number of shocks and the temperature or the rate of subsidence
of the lake level, respectively. They have been calculated allowing
for a time delay ‚I between the two corresponding time series



a

Fig. 3. a Location map of Schlegeis reservoir, Austria. Position of
seismic stations marked as: A, Permanent seismic station (SCE);
a. Temporary network 19%; a, Temporary telemetric stations
IQTLIQT’Q. b Seismogram example from the seismic telemetric
stations at Schlegeis reservoir

SCHLEGEIS DAM
INTERVAL = APR 19?1 -JUNE19?5
NO. OF SHOCKS = 447 l0“: S-PESlNO.

OF
SHOCKS

BICAZ DAM
INTERVAL = NOV 4.197A- JUNE 1.1978
NO. OF SHOCKS = 91.3 (O *5- S~P55l

LOTRU DAM
INTERVAL = NOV ?,19?£. —JUNE 1,1978
NO. OF SHOCKS = 1??? [O s: S 4355}

ARGES DAM
INTERVAL = APR 12,1975 -JUNE 1,19%
NOOF SHOCKS = 551 (CHIS-PE 5]

____________ EMOSSDN DAM
:;:;: :;:-: :;:;: :-:;: 9:1: .:. :5: Ëâ INTERVAL = JAN -AF’R1975-- . so. OF SHOCKS =1ss ts—Ps n2]...............NO.

OF
SHOCKS

OIL Bl1l1br2lfllfl.
LOCALTIMEH

Fig. 4. Daily distribution of tremors

according to Taubenheim (1969):

Z (Xr+J.—X)'(K-—}7)

Z (qus—XF' Z (Yr—Ÿ)2
r.——-1 r=1

with Xr+y=0 if r+l<t0 or r+Ä>n. (XHa—X) and (Yr— Ÿ) are
the deviations of the values of two time series from their mean
value. The expressions in the denominator are proportional to
the standard deviations of the time series. The summation is
carried out over it points. The X—series corresponds to the
average daily temperatures and to the daily rate of subsidence
of the lake level, respectively, the Y-series to the number of
shocks per day. The 99.9 “A, significance level is given by
3.291/(N—Â— l)”2 (Taubenheim 1969).

The absolute value of p (À) for the Schlegeis reservoir reaches
a maximum of 0.25 for the correlation of number of events and
rate of level subsidence with a delay of 1 day compared to the
rate of water subsidence (Blum 1975). There is a prompt seismic
reaction following a temperature decrease (Fig. 6).

Discussion of Mechanism

The seismic observations at Schlegeis, Bicaz and Lotru indicate
a certain correlation between the occurrence of local seismic events
and negative temperatures. It is assumed that part of the local
seismic activity observed at Lake Emosson is also caused by the
same mechanism. This suggestion is mainly based on the character-
istic daily time distributions of the local seismic events. Average
daily temperatures which could confirm this suggestion were not
available for the Emosson area at the time of this study. A modei
which does explain most of the observations is proposed in the
following:

In the model proposed cracks are assumed which extend to
the surface (Fig. 7). During periods of increasing and maximum
water level the cracks are water-filled by the reservoir. In the
period of subsiding water level, i.e., in winter and spring, the
thermal insulation provided by the reservoir water is removed.
The water level falls below the openings of the cracks. However,
the cracks remain waterwfilled because the water cannot drain
off quickly enough due to the low permeability of the surrounding
rock. At temperatures below zero the water in the cracks freezes
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leading to an increase in volume by 9% and to an extension
of the crack width. The extension V of the crack with a length
21? can be estimated under plane stress conditions to (Jaeger and
Cook 19'1'1, p. 312):

V=2pq5 (n
with the inner pressure in the crack p, and the Young modulus
E of the surrounding rock. An example illustrates the order of
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magnitude of p. A crack cf width 0.1 cm is extended by 0.009 cm
by the volume increase of the freezing water. If we put 5:5 cm
and E2200000 bar, an inner pressure of 180 bar is obtained. As-
suming that all the water in the crack freezes, the induced stresses
near the tip of the cracks can be estimated using the relations
in Jaeger and Cook (1971, p. 262). The maximum tensional stress
at a distance r=c/2 from the crack tip amounts to 1/3 p, the
maximum shear stress at r=c/2 is 0.5 p. According to Müllcr
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(1963) it is difficult to give values for the tensional strength of
a rock unit. They may be of the order of several bars to tenths
of bars. The shear strength of Schlegeis basement rock is, accord-
ing to Widmann (1973), in the range between 6 bar parallel and
350 bar perpendicular to the foliation plane. Therefore, it is rea-
sonable to assume that the induced stresses near the end of cracks
can be high enough to exceed the rock strength.

The model of triggering of local seismic events by freezing
of water in cracks involves very shallow focal depths (10 m at
most) since temperature variations can only affect the uppermost
layer of the outcrop.

Focal depth determination for some of the shocks observed
at the Schlegeis reservoir are not accurate enough to confirm
or to reject the model. However, from the epicenter determination
it is obvious that most of the epicenters are situated outside the
area of the lake covered by water at the time of occurrence, which
is compatible with the proposed model. For comparison the reader
is referred to the paper by Blum et al. (1977).

A further observation which can be explained by the model
is the low seismic energy radiated from foci, which is between
107 and 1012 ergs. Stronger local tremors have never been ob-
served. In a plane of stress the potential strain energy W of a
crack in disk of thickness 1 is given by (Jaeger and Cook 1971,
p. 313):

W=7r-p2-cz-t/E.

Eliminating p by Eq. (1) leads to

W=0.25°TC'V2-I'E.

In this very rough approximation the strain energy W does not
depend on the length 2c of the crack. For a numerial estimate
we assume V=0.009 cm; E=200000 bar; t=1 cm and 100 cm.
Then the strain erergy is 1.3 ><107 erg for t=1 cm and 1.3 ><109
erg for t: 100 cm. These values are within the range of the esti-
mated seismic energy.

Conclusions

Over the past 6 years microearthquake activity correlating with
changes in reservoir level has occurred at the 5 reservoirs investi-
gated. The activity is characterized by a concentration of near-
reservoir microearthquakes when the water level is lowered and
its minimum is reached during the months October to April. These
microearthquakes were previously taken as being associated with
a buildup of tectonic stresses during filling and their subsequent
sudden release during rapid emptying of the reservoir. However,
this hypothesis now appears less plausible, because most earth-
quakes tend to occur late at night, and there is a clear correlation
between the onset of activity and sub—zero air temperatures during
fast reservoir unloading. This correlation is now explained by
a model in which cracks are exposed to freezing temperatures
by the falling water table, causing the water remaining in the
cracks to turn to ice. The estimated energy release of this process
of in the same order of magnitude as that observed in the micro-
earthquakes. The implication of these “ice-quakes” for the safety
and stability of the dam walls warrants further investigation. Based
on the experience of the present survey it would be relatively
simple to monitor the weak zones of the slopes of reservoirs by
locating the “ ice-quakes” with a high resolution seismic network.
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40Ar/39Ar Dating of Himalayan Rocks from the Mount Everest Region
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Abstract. 4OAr/3’9Ar dating results for one granitic and four meta-
morphic rocks from the Everest region suggest that the initiation
of the major uplift of Everest occurred about 17 m.y. ago. The
surrounding area has been involved in subsequent orogenic events
in this region.

On the basis of present results and other geochronological
data for this region, the Himalayan orogeny is suggested to have
occurred a few tens of m.y. after the collision of the Indian plate
with the Asian plate.

Key words: 40Ar/39Ar age — Everest — Himalaya — Orogeny —
Granite — Metamorphic rocks — Plate-collision — Uplift — Excess
Ar

Introduction

The Himalayas are regarded as one of the typical examples of
mountain building due to the collision between two continents
(Dewey and Bird 1970). Although the collision of the Indian plate
with the Asian plate is estimated to have occurred about 45 m.y.
ago, the uplift of the Himalayas seem to have been initiated later
(Powell and Canaghan 1973). To clarify the mechanism of moun-
tain building due to the continental collision, it is necessary to
know the time relationship between the various stages (e.g., the
time of collision and that of mountain building).

So far, Himalayan rocks have been dated by the K—Ar, Rb—
Sr and fission track methods, with ages ranging from a few my.
to more than 1000 m.y. (e. g., Hamet and Allègre 1976; Krummen-
acher 1961, 1971; Mehta 1977; Virk and Koul 1977). However,
most samples show ages less than 75 m.y. Further, we cannot
eliminate the possibility that some of the samples dated might
have been affected by secondary disturbances or by the occurrence
of excess Ar or of Ar loss. In order to examine these cases and
to investigate the age of mountain building of the Himalayas,
the 4LOAr/39Ar method has been applied to one granitic and four
metamorphic rocks, which were collected from the Everest region.
We expected that the application of the 40Ar/39Ar method to
these rocks would clarify the fine structure of the tectonic events
in this region.

Samples

More than 100 samples were collected by one of us (M.K.) from
the eastern part of Nepal during the Japanese Mount Everest
Expedition 1970. The samples include granitic, metamorphic and

sedimentary rocks. Among them, five samples from the Everest
region were selected for the present analysis, three of which
(JE 121, 126 and 131) were collected directly from Everest itself.

Sample JE 131 is a greenschist, collected at an altitude of about
8200 m on the southwest ridge of Everest and is considered to
be typical of samples forming the upper part of the mountain.
Samples JE 121 (granite) and JE 126 (schist) were collected at
an altitude of 5350m at the northern flank wall of Khumbu
glacier, below the Lho-la pass where the Makalu granite is in
intrusive contact with the overlying schist (Bordet 1961). The Mak-
alu granite is named after Makalu, a peak located about 20 km
southeast of Everest, but it is also abundant in the Everest massif
(Bordet 1961).

Sample JE 117 is a gneiss collected on the southwestern flank
of Nuptse bordering the Khumbu glacier, at an altitude of 5120 m.
Sample JE 065 is also a gneiss, but was collected at Pakie, about
50 km to the southwest of Everest. This sample is located farthest
away from Everest among the samples dated in this study. The
sampling localities are shown in Fig. l and their latitudes and
the longitudes given in Table 1.

As shown in Table 1, these rocks contain K-rich minerals such
as biotite, muscovite and K—feldspars. The K-contents of the total
rocks range from 3% to 5% as determined by X-ray fluorescence
analysis. Some samples contain plagioclase, but in small amounts
compared with other minerals. Hence, their Ca content is generally
low, less than 1%, except for the sample JE 126 whose Ca content
is estimated to be about 1.7% by X-ray fluorescence analysis.

Experimental Procedures

Total rock samples of grain size 35 to 60 meshes were wrapped
in Al foil and stacked in air in quartz ampoules (10¢x 70 mm)
with standard samples at both ends. They received a total fast
neutron flux of about 2><1018 n/cm2 in the core of the Japan
Material Test Reactor, Tohoku University. USGS standard LP—6
(biotite) was used as the age monitor, which has the K—Ar age
of 128 m.y. (Engels and Ingamells 1973).

Ar gas was extracted and purified by conventional procedures
and analysed on a Reynolds type mass spectrometer. Details of
the experimental procedure have been described before (Kaneoka
and Aoki 1978).

Since the samples were analysed 3 years after neutron irradia-
tion, 37Ar, a measure for the Ca-concentration, had already de-
cayed below the detection limit. As a consequence, Ca-derived
contributions to 36Ar and 39Ar could not be corrected for. Howev-
er, as shown in Table 2, the samples have relatively high K-con-
tents (3—5 %) and high K/Ca ratios (2.9—10.4). Therefore, the effect

0340-062X/81/0049/0207/$01.00
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Table 1. Samples used for 40Ar/3’9Ar analyses

Sample Sampling locality Rock type Forming mineralsa
No.

Location Latitude Longitude Altitude

JE 131 Southwest ridge 27° 58.9’N 86° 55.9’E 8200m Green schist Bi, Mu, Qz, P1, To, Zi, Ch
above the South Col

JE 126 Beneath the 28° 00.6’ 86° 50.9’ 5350 Schist Bi, Mu, K-feld, Qz, P1, Zi
Lho-la Peak

JE 121 Beneath the 28° 00.6’ 86° 50.9’ 5350 Granite Bi, Mu, K-feld, Qz, Pl, Zi, Ap
Lho-la Peak

JE 117 Nuptse, beneath 27° 59.0’ 86° 50.8’ 5120 Gneiss Si, Bi, K-feld, Mu, P1, Qz, Ap, Zi
the 5325 m Peak

JE 065 Pakie 27° 38.9’ 86° 43.5’ 2550 Gneiss Bi, Mu, K-feld, Qz, P1, Ga, Zi, Ap, Il

3 Bi = biotite, Mu = muscovite, Qz = quartz, P1: plagioclase, To = tourmaline, Zi = zircon, Ch = chlorite, K-feld = K-feldspar, Ap = apatite, Si =
sillimanite, Ga = garnet, Il=i1menite

Table 2. Summary of 40Ar—— 39Ar ages of samples from Himalaya

Sample K (%)a K/Caa 40Ar—39Ar ages (m.y.)
(Weight)

Total Minimum Maximum Plateau Plateau range

JE 131 4.34 10.4 15.3 331-01 19.0i 0.6 16.7i0.5 1,100°—1,300° C
(1.465 g) (50.4% of 39Ar released)

JE 126 4.88 2.87 21.1 16.7-_1-0.5 72.3i 6.3 16.9i0.4 900°—1,100° C
(0.559 g) (40.0% of 3’9Ar released)

JE 121 4.13 9.90 23.2 15.1 i0.5 185 i 3 16.8i0.3 900°—1‚150° C
(1.465 g) (62.6% of 39Ar released)

JE117 3.15 3.00 56.8 11.8i0.2 360 i 4
(1.053 g)

JE 065 3.87 5.45 25.3 5.2i0.1 751 +41
(1.006 g)

a K content and K/Ca ratio of samples were determined by the X-ray fluorescence method with the precision of about 5%
° Error Figures: 10 (standard deviation)
° /le=0.581><10‘10 yr
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of Ca—derived Ar isotopes on the age is estimated to be relatively
small, less than 1 m.y. at the maximum.

Results and Discussion

The results are shown in Figs. 2—6 and summarized in Table 2.
Sample JE 131 shows a typical stair-case pattern with higher 4°Ar/
39Ar ages at higher temperatures (Fig. 2). The apparent low 40Ar/
39Ar ages at lower temperatures suggest partial radiogenic 40Ar
loss from this sample. On the other hand, the 11000 and 13000 C
fractions indicate almost the same ages of 16.7 i 0.5 m.y. and cover
about 50% of total 39Ar released. Although only two fractions
are included in this case, this age may be regarded as a plateau
age, considering the results of JE 126 and JE 121.

As shown in Figs. 3 and 4, samples JE 126 and JE 121 indicate
saddle-shaped age spectra, which are typically observed in deep-
seated samples with excess Ar (Kaneoka 1974; Lanphere and Dal—
rymple 1976). In such cases, the apparent lower 40Ar/39Ar age

at the intermediate temperatures may represent the maximum esti—
mated age for the thermal event affecting the sample and is some-
times very close to the age of the event (Kaneoka 1974; Lanphere
and Dalrymple 1976). For the present samples, such an event
is considered to have been some orogenic processes and the sam-
ples were affected at some depth. Hence, the occurrence of excess
and/or inherited 40Ar in these samples is quite likely. It is note-
worthy that both samples have intermediate plateau ages of about
17 m.y. This age agrees well with the plateau age of sample JE 131
at higher temperatures. Since three samples from different sites
and of different rock type show almost the same age, 17 m.y.
seems to have geochronological significance. Since the Makalu
granite has a relatively wide distribution in this region, it may
be conjectured that the age represents the time of granite intrusion.
As shown in Fig. 4, however, sample JE 121 (granite) shows 40Ar/
39Ar ages above 17 m.y. in the lowest and highest temperature
fractions with a total 40Ar/39Ar age of about 23 m.y. Hence,
it is less likely that the age of 17 m.y. corresponds to that of
the granite intrusion. Sample JE 126 (schist) also indicates a slight-
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ly older total 40Ar/3’0Ar age of about 21 m.y. These situations
suggest that the age would probably correspond to a time when
these samples began to keep a closed system with respect to Ar
systematics after having been involved in an earlier orogenic pro-
cess, or processes, in this region. Since these three sample belong
to the main body of Everest itself and the elevated part would
have cooled more rapidly than the lower part, these results might
imply that the major uplift of Everest began about 17 m.y. ago.

If this is the case, then the lower part might have been further
involved in the later orogenic processes in this region. In effect,
sample JE 117 and JE 065 apparently show the evidence of such
later event(s) in their age spectra. In the case of sample JE 117
(Fig. 5), the age spectrum is highly disturbed, but the 800°, 1000°
and 13000 C fractions indicate 4OAr/39Ar ages of 12——15 m.y. The
0ther four fractions show much higher 40Ar/39Ar ages with the
total 40Ar/39Ar age of about 57 m.y., probably reflecting the pres-
ence of inherited and/or excess 4OAr.
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Sample JE 065 also shows a saddle-shaped age spectrum
(Fig. 6), but the minimum 4OAr/39Ar age observed in the 900° C
fraction indicates an age of only 5 m.y. Since the 700° C fraction
in this sample shows an apparent 40Ar/39Ar age of about 750 m.y.
and the l300° C fraction an age of about 46 m.y., this sample
was clearly disturbed by later event(s). The age of the event(s)
was probably less than 5 m.y. and is considered to have been
an orogenic process, or processes, in this region. Although no
mineral separates were analysed in this study, the consistent results
on ages of the present samples will be regarded as geochronologi-
cally significant.

Krummenacher (1961) reported a K—Ar age of 18.21L 0.6 m.y.
(recalculated after new decay constants (Steiger and Jäger 1977))
for a schist from an altitude of 8400 m on Everest. If we take
into account the experimental uncertainty, there is no difference
between the K—Ar age reported by Krummenacher (1961) and
the present results. His data further suggest that K—Ar ages of
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biotites from rocks from the Nepal Himalayas range from about
10—18 m.y. On the other hand, fission track ages of Himalayan
muscovites in Nepal range from about 3—23 m.y. (Virk and Koul
1977). The younger age probably reflects the relatively recent and
less intense orogenic processes in this region and may correspond
to the youngest result observed in sample JE 065. Hamet and
Allègre (1976) reported a whole rock Rb-Sr age of about 29 m.y.
for granites from central Nepal. Such differences in the apparent
ages probably reflect the different sensitivity of each isotopic sys-
tem to thermal events.

Since the collision of the Indian plate with the Asian plate
is estimated to have occurred about 45 m.y. ago (Powell and Can-
aghan 1973), these geochronological results suggest that the major
uplift of the Himalayas occurred a few tens of my. after the
collision of both plates. Such a delay in the process of the uplift
may be attributed to the possibility that the later deformation
of continental lithosphere required some time. The present results
imply that the Makalu granite might have intruded more than
20 m.y. ago. Although the major elevation of the Everest region
occurred about 17 m.y. ago, the surrounding region has been in—
volved in subsequent orogenic processes.

The analyses of gravity data in this region suggest that the
Himalayas are not in isostatic equilibrium and are currently under
the influence of large scale tectonic forces, probably due to the
collision of the Indian plate with the Asian plate (Kono 1974;
Molnar and Tapponier 1975). Thus, the younger orogenic pro—
cesses reflected in the geochronological data probably correspond
to the uplift of the Himalayas which is still in progress.
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Abstract. Temperature-depth profiles for the Bohemian Massif
and the Pannonian Basin have been determined on the basis of:
the known surface heat flow values in both regions, a vertical
crustal radiogenic heat production that is estimated from seis-
mic velocity (vP) profiles, and a thermal conductivity that varies
with depth. From these profiles, effective viscosity and stress-
depth curves have been determined to a depth of 250 km assum-
ing both linear and non-linear mantle rheology. There is a
relative dominance of Newtonian Nabarro-Herring creep in the
asthenosphere beneath the Pannonian Basin. Stress values are
also significantly lower here than in the lithosphere beneath the
Bohemian Massif. The transition from lithosphere to asthenos-
phere appears to occur at depths of 48—60 km under the Pan-
nonian Basin. The absence of a viscosity minimum under the
Bohemian Massif renders an estimate of the depth of this
transition difficult, but stress curves appear to level off around
depths of 180—200 km, and may thus provide estimates of the
depth to the asthenosphere under the Bohemian Massif. Models
of the lithosphere beneath these two tectonically different re-
gions are also presented.

Key words: Stress — Effective viscosity — Brittle lithosphere —
Ductile lithosphere — Temperature regime

Introduction

The Bohemian Massif of Czechoslovakia is a platform-type
cratonic block, consolidated during the Variscan orogeny. Ap—
proximately rhombic in shape and bordered by deep SW—NE,
NW—SE trending faults, the western margin of the Massif is in
the Federal Republic of Germany while the southern margin is
in Austria. It is bordered towards the north and north-east by
the North-German-Polish lowland. The core of the Bohemian
Massif is the Moldanubicum, a metamorphosed Precambrian
unit interspersed with Hercynian granites (Maska et al. 1960).
The Pannonian Basin on the other hand is a Late Miocene~
Pliocene feature whose formation is believed to have been
genetically connected with the Late Oligocene-Early Miocene
subduction in the Carpathian realm (Stegena et al. 1975; Hor-
vâth et al. 1977).

Both the Pannonian Basin and the Bohemian Massif have
been relatively well studied geologically and geophysically. In
this paper the temperature regimes of the lithosphere in both

* Present address: Department of Geology, University of Nigeria,
Nsukka, Nigeria

0340-062X/81/0049/0212/$01 .00

regions are compared, and the effects of the differences on such
rheological parameters as effective viscosity and stress are dis-
cussed. The depths to the zone of transition between brittle and
creep dominated behaviour in the lithosphere beneath both
regions are examined, and their bearing on seismicity and fault-
ing is discussed. The Moldanubicum which forms the core and
the best consolidated part of the Bohemian Massif is the actual
area referred to in the discussions because the temperature-
depth distribution for this unit can be regarded as characteristic
for most of the Bohemian Massif (Cermak 1975). The tempera-
ture-depth distribution for the Karcag-Debrecen region of Eas—
tern Hungary is taken as representative for most of the Pannon-
ian Basin. These specific locations have been chosen for the
determination of the profiles because in each area reliable data
exist for heat flow and crustal structure. Moreover the calculat—
ed temperature, stress and viscosity profiles help to illustrate the
differences in lithospheric structure between two characteristi-
cally different regions of the earth’s crust: the Pannonian Basin
representing a young intermontane basin and the Bohemian
Massif representing a consolidated Variscan platform.

Temperature-Depth Profiles

Results of heat flow and geothermal studies in the Bohemian
Massif and the surrounding regions have been reported by
Cermak (1975, 1977). Important results of heat flow studies in
the Pannonian Basin were reported by Stegena (1976), Stegena
et al. (1975) and Horvath et al. (1979).

Temperature-depth profiles have been calculated for both
regions using a computational model of steady-state conduction
of heat in a layered medium. The surface heat flow Q is assumed
to be in equilibrium with the heat flowing into a slab of the
earth at its base, plus the heat generated by sources within it.
Neglecting the earth’s curvature and assuming that the tempera-
ture T depends only on depth 2, we have the one-dimensional
heat conduction equation:

d dTa; [mag] = ’A‘Z) (1)
where k is the coefficient of thermal conductivity, and A is the
heat generation.

If T(20) is the temperature at the top of the first layer (with
conductivity k1=const. and heat generation A1=const.) and
Q(zo) the heat flow through the upper boundary of the first
layer, the temperature in the first layer is
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Pollack (1965) has shown that for any arbitrarily layered model
(with homogeneous individual layers) the temperature at the
base of the n-th layer is:

T<z>= mo)
+i=zl {Zi _kîi—

1
[Q(Zo —JÈ1 Aj(zj_Zj— 1)]

(Zi—Zi— 1)2—AiT}. (3)

In the present paper the vertical profile of crustal heat
generation A has been determined from the seismic velocity (up)
profiles, making use of the implicit relationship between A and
UP as described by Rybach (1973) and Buntebarth (1976). Fol-
lowing closely the same assumptions as those of Pollack and
Chapman (1977) the value of k was taken as 2.5 Wm“1K‘1 for
T3500 °C, while for higher temperatures, the values of k were
obtained using the results of Schatz and Simmons (1972). The
heat generation-depth relations are shown in Fig. 1, while the
temperature-depth profiles are displayed in Fig. 2. The sedimen-
tary cover in the Karcag-Debrecen area of the Pannonian Basin
is between 2 and 3.5 km thick in many places. The A—vP
relation is not strictly valid for such sedimentary series, and this
explains why the A ——z relation for the Pannonian Basin is given
only from the depth z=4km in Fig. 1. The heat production in
this uppermost layer has no appreciable effect on the overall
shape of profile 2 in Fig. 2. It should also be noted that, in this
figure, profiles 1 and 2 are mean curves of a family of profiles

TEMPERATURE (°C)
1290 1600 2000\ ' ' î 4,

50 l

100-l
HldBCI 150*-

200g

25m»

(Km) w
2

Fig. 2. Temperature-depth profiles: 1 = Bohemian Massif; 2 = Pannonian
Basin; Tm=dry pyrolite sodius; WS =solidus for pyrolite containing
0.1 0/0 water [Tm and WS are after Ringwood (1975)]

corresponding to the range of surface heat flow data available
for each of the two regions under consideration.

Continuation of the geotherms further downwards into the
asthenosphere would necessitate a departure from the purely
conductive model of heat transfer which is assumed in the
calculations. It should be noted that the solidus temperature in
an anhydrous mantle would increase with depth. The actual
level at which the solidus is reached in the mantle remains
debatable, but it is now agreed that this depends on the role of
volatiles in depressing the solidus temperature. The Pannonian
geotherm intersects the solidus for pyrolite containing 0.1%
water at a depth of less than 60 km. It is thus likely that a partial
melt zone should characterise the upper mantle in this region at
this shallow depth. Beneath the Bohemian Massif such an
intercept does not occur within the depth range investigated.

Stress-Depth and Viscosity-Depth Profiles

Following Weertman and Weertman (1975) or Meissner and
Vetter (1976), we take the following general creep equation to be
valid for the creep properties of rocks at high temperatures:

é=Cia" exp[—(Q*+PV*)/RT] (4)

e‘z Cia" exp <— g* Tm/T) (5)
where
g* = constant P =pressure
8' :strain rate V* =activation volume
Ci =quasi constant R = gas constant
a =shear stress T =absolute temperature

= absolute melting
temperature

n =creep exponent Tm
Q* =activation energy

For Nabarro-Herring or diffusion (Newtonian) creep n =1, and

S'NH = C1 0 exp ( -g* Tm/T) (6)
with

C1 zaIQDO/ds (7)

and
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a1 =constant
fr =Boltzmann’s constant
Dfl =diffusion constant.
0’ =grain size
Q =atomic volume

For dislocation glide (or power law) creep n=3 and

E‘PL: C353 exp(—g* TRI/T) (8)

with

C3 = ŒSQDÜ/ttz RT

and

a3 = constant.
‚u =shear modulus.

Introducing the effective viscosity n

v e cr/e' (9)

From these equations the viscosities for both creep laws can be
expressed explicitly:

av” =(1/C1) EXP (s* Tm/T)
an, =(1/Csltl/azlexms‘“ "Fm/T)-

(10)
(11)

These relations have been discussed in detail by Meissner and
Vetter (1976).

The stress-depth curves (Figs. 3 and 4) and the Newtonian
creep viscosity profiles (Fig. 5) have been calculated on the basis
of Eqs. (5)—(9) assuming a grain size of 5mm for the material of
mantle rock. and with T/T:H values obtained from Fig. 2. The dry
solidus was used for the calculations, not the hypothetical 0.1 ‘Z,
H20 curve. The values of the constants C1. C 3 and g* were
taken from Vetter and Meissner (1977, 1979). The non-linear
stress-strain relation with n =3 has been shown to be more
appropriate for much of the lithosphere (Neugebauer and Breit—
mayer 1975; Mercier et a1. 1977).

Diseussion

It is obvious from the above figures that the upper mantle
regions beneath the Pannonian Basin and the Bohemian Massif
differ significantly from each other not only in their temperature
regimes, but probably also in composition, at least within the
depth range considered here. The temperature-depth curves for
the two regions do not intersect even at depths of about 250 km.
There is however no information on whether these differences
might exist up to and possibly beyond a depth of 400 km. In the
sense of Oxburgh and Turcotte (1976) the lithosphere can be
divided into an upper elastic layer characterised by brittle
response to stresses. and a lower ductile or plastic layer where
elastic stresses are relaxed by creep processes.

The temperature at which the transition from elastic to
creep-dominated behaviour occurs in the lithosphere depends on
the rheological properties of the material of the lithosphere.
These are in turn dependent on the homologous temperature
(T/Tm), and on the variation of Tm with depth. A value of 0.62 for
T/‘Tm has been assumed in the present paper to define this
transition. Other authors (e.g.. Vetter and Meissner 1979) have
also assumed 77Tm values close to this.
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Under the Pannonian Basin the elastic lithosphere according
to the above definition is only 10—12km thick while under the
Bohemian Massif its thickness lies between 58 and 65 km (see
Fig. 5). The occurrence of exceptionally deep faults and grabens
in the Bohemian Massif and their conspicuous absence within
the Pannonian Basin can now be understood considering the fact
that the maximum depth of faults in a region seems to depend
on the thickness of the brittle layer. The Central Bohemian
suture, the Pribyslav fault zone and the Ohio graben are exam-
ples of deep faults of great length found in the Bohemian Massif.
Their extents, laterally and in depth, have been investigated by
Beranek and Dudek (1972).

The deformation diagrams (Figs. 3 and 4) show that beneath
the Bohemian Massif, power-law creep dominates for strain
rates higher than 10‘155‘1. For lower strain rates (and at
depths greater than 185 km for s'=10‘15s‘ 1) Newtonian creep
appears to dominate. The transition between the two creep laws
is at about 0.6 bar. This corresponds to the stress level at which
the two mechanisms contribute equally to the strain rate. It is
however known that the actual value of this transition depends
mainly on the assumed grain size in Eqs. (7) and (10) (Stocker
and Ashby 1973).

Beneath the Pannonian Basin stresses are very much lower
because of the higher temperature regime. Consequently dif-
fusion (Nabarro-Herring) creep dominates even for strain rates as
high as 10‘ 12 s‘ 1. For s'~=:10— 12 s“1 and for depths greater than
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60 km diffusion creep governs all creep processes in the Pannon-
ian upper mantle. Comparing these results with those of Vetter
and Meissner (1977), the Pannonian upper mantle can be seen to
show mechanical properties reminiscent of the oceanic upper
mantle. The transition from lithosphere to asthenosphere ap-
pears to occur at depths of 48—60km under the Pannonian
Basin. These results are in good agreement with geoelectric
induction and magnetotelluric results which have located the
intermediate conductive layer (ICL) at depths of 60 km below
the Pannonian Basin (Àdam 1976). Figure 4 also shows that
stresses under the Pannonian Basin appear to level off for all
curves with constant strain rate at the depth of about 50—
60km. The depth at which this levelling off of stress occurs is
usually identified as marking the top of the asthenosphere
(Mercier et al. 1977).

Very often there have been speculations about the possible
absence of the asthenosphere under shields and stable platforms.
In the case of the Bohemian Massif where the absence of a
viscosity minimum (see Fig. 5) renders an estimate of the depth
of transition from lithosphere to asthenosphere difficult, this
view might appear to be substantiated. However, if there is no
viscous layer undergoing shear in the upper mantle under stable

PANNONIAN BASIN

platforms and shields, it is then difficult to imagine how such
parts of the lithospheric plate could take part in the world-wide
plate motions. Deep geoelectric soundings (Pecova et al. 1976)
located some conductive layers at shallower levels of 60—70 and
100 km, but it appears likely that the conductive zone located
near 200 km under the Bohemian Massif might correspond to
the base of the lithosphere. The stress curves (Fig. 3) show signs
of levelling off only at depths of about 170—200 km. It is thus
likely that this zone may really mark the top of the astheno-
sphere beneath the Bohemian Massif. Figure 6 shows the pre-
ferred models of the Pannonian and Bohemian lithospheres.

In the Pannonian Basin dispersed earthquakes occur with
shallow focal depths (5—14 km). With the exception of the Duna-
haraszti earthquake (12 January 1956; M =5.5—6.0) which was
apparently related to sinistral faulting along the Balaton line
(Csomor 1967), the seismic activity in the Pannonian Basin
shows no correlation with tectonic lines. It is thus likely that this
activity is due to the relaxation of thermoelastic stresses in the
brittle upper part of the Pannonian lithosphere which is only
10—12km thick. The Bohemian Massif shows very little seismic
activity except along the deeply faulted margins. However, it has
long been known that seismic energy originating from earth-
quakes in the Eastern and Southern Alps was transmitted with
little or no absorption through the Bohemian Massif, while
seismic energy propagating towards the Western Carpathians
and the Pannonian Basin became strongly damped (Karnik
1967). Zéttopek (1957) sought to explain this damping by sug-
gesting the existence, in the contact zone between the two
tectonic regions, of deep-seated barriers which reflect the energy
further downwards. The difference in the observed teleseismic
delay-time residuals between the two regions under consider-
ation is of the order of +25. The stations in the Pannonian
Basin are far “slower” (i.e., they record far higher positive
residuals), than those in the Bohemian Massif. It is easy to see
using simple model calculations that the differences in the range
of P" anomalies or teleseismic delay-time residuals cannot be
explained in terms of differences in crustal structure alone,
between the Bohemian Massif and the Pannonian Basin. The
differences rather reflect the variations in the physical state of
the upper mantle under these regions. This in turn means that
differences in the sub-Moho temperature regime and rheology
are the obvious causes of the variations in P" anomalies.

Gravity anomalies in the Bohemian Massif seem to be very
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well accounted for by granitic intrusions and other near-surface
density inhomogenities (Tomek, personal communication). The
Pannonian Basin on the other hand is characterized by average
Bouguer anomalies between +10 and +15 mgal. Taking into
consideration the anomalously thin crust and the elevation of
the high-density upper mantle material, these anomalies are
strikingly low. Deep seismic soundings have revealed that be-
neath the Pannonian M-discontinuity, P-wave velocities are in
the range 8.0—8.1 km/s (see Fig. 6). These velocity values indicate
the range of probable density values under the Moho. It then
becomes apparent that a discrepancy exists in the observed gra-
vity anomalies. The mass which compensates the missing posi-
tive anomalies probably exists deeper down in the astheno-
sphere and is likely to be of thermal origin.

Concluding Remarks

It should again be pointed out that the profiles calculated in this
study are models and refer to dry conditions in the lithosphere.
The presence of water-bearing minerals (e.g., phlogopite and
amphibole) in some xenoliths from the upper mantle beneath
many continental regions does indicate that the upper mantle
probably contains reasonable quantities of H20. The depth of
the lithosphere/asthenosphere transition estimated from defor-
mation diagrams (Figs. 3 and 4) or viscosity profiles (Fig. 5) may
not necessarily agree with that obtained from purely thermal
models (Pollack and Chapman 1977) or with the depth to the
low-velocity zone (LVZ). The strong differences in the stress—
depth and viscosity—depth profiles in both regions are enough to
explain the seismological, teleseismic and other geological differ-
ences such as the occurrence and depth of faults. These differ-
ences between the two tectonic regions are all thermally con—
trolled and remain valid even if other models are assumed for
the melting conditions in the mantle.
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Abstract. The simple problem of electromagnetic induction in
two-dimensional perfect conductors is considered. Extremal
models are constructed maximizing the depth to the top of the
conductor for magnetic field data at N=1 or 2 observation
points. It is assumed that the inducing magnetic field is quasi-
uniform and that the electromagnetic field is excluded from a
depth greater than z=A, where A is prescribed. Then the
extremal models consist of two levels: a conducting plane at a
depth z=A and either N conducting strips or N gaps in a
conducting plane at a depth 2:20, which is the maximum
possible depth as calculated from the data. The problem is
solved by conformal mapping and illustrated by data from the
North German conductivity anomaly.

Key words: Electromagnetic induction — Maximum depth
rule — Conformal mapping — North German conductivity
anomaly

1 Introduction

Now that techniques have been developed for estimating by
various kinds of generalized matrix inversion the degree of
non-uniqueness of a given imperfect data set, interest has arisen
in the problem of how to obtain geophysically relevant proper-
ties common to all models, which both fit the data and satisfy
certain a priori assumptions (i.e., the feasible models). The
research of Parker on ideal bodies is a typical example of this
approach (Parker 1972, 1974, 1975). Work along similar lines
has been carried out by Sabatier (1977a—c), Safon et a1. (1977),
Rietsch (1978), Huestis (1979), and Barcilon (1979). The in-
vestigation of the upper bound of a minimum value (or the
lower bound of a maximum value) of a special model parame-
ter has been of particular importance in this development. For
instance, if a data set is to be interpreted in terms of a buried
structure, then any feasible model has a minimum depth of
burial (the depth to the top of the structure). If we could find
the model with the greatest minimum depth of burial, then the
minimum depth of burial of all feasible models cannot be
greater than this upper bound. The search for the maximum
depth of the top of a buried structure leads to maximum depth
rules. For potential field data many rules of this nature have
been established (Bott and Smith 1958; Smith 1959, 1960).

In this paper maximum depth rules are derived for the
simplest problem in electromagnetic induction, where the mo-

Fig. 1. The model under consideration. C 1 and C2 are the surfaces of
perfect conductors. The other symbols are explained in the text

del is two-dimensional and consists only of perfect conductors
and insulators, thus admitting a treatment by conformal map-
ping. In this limit the surface of the conductor coincides with a
field line, since the magnetic field component normal to the
conductor vanishes. The following problem is considered: As-
sume cartesian coordinates y, z (2 positive downwards, surface
at 2:0) and a quasi-uniform inducing field in y-direction.
Further, assume that the perfect conductor extends with hori—
zontal tangents to infinity and that it excludes the electromag-
netic field from a depth greater than z=A, where A is known
or can be estimated. The magnetic field components Hy(p) and
Hz(p), normalized by H", the horizontal magnetic surface field
for y-> i oo, are given at a surface point p

hy=Hy(p)/H„‚ hz=Hz(P)/H„ (1-1)
The problem is to determine the conductor with the deepest
top complying with by, hz and A.

A section across the most general model under conside-
ration is shown in Fig. 1. It consists of a perfect conductor with
undulating interface C1 extending to infinity and a second
isolated conductor with boundary C2. It turns out that a
doubly connected conductor is necessary to construct extremal
models for all possible values of hy and hz. Fig. 1 introduces 20
as the depth to the top of the conductor and a==A—z0 as the
depth range of irregular distribution of conducting material.
The horizontal asymptotes of C1 lie at depths güi below 20.

The above problem is solved for a single observation point
p in Sect. 2, and partial results for two observation points are
presented in Sect. 3. Finally, in Sect. 4, the findings are applied
to real data.

0340-062X/81/OO49/0217/$01.80
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2 Single-Point Extremal Models

2.] Simply Connected Conductors

For ease of presentation we first search for extremal models
within the class of simply connected conductors, restricting
attention to the undulating interface C1. Let

p=y—i(z-zo) and w=u+iv (2.1)

be two complex variables and let p(w) map the line v=0
conformally into the interface C1 and the half-plane v>0 into
the insulator above C1. Let this mapping be normalized by

p’(w)—->1 for w—+oo, v>0 (2.2)

The parameter representation of C1 is

p(w)=y(u)—il//(u) for —oc <u< +00, 0:0 (2.3)

where l/lZZ—ZO is subject to 0§¢(u)§a with a=A—20 (Fig. l).
The function (Mu) with $22—20 and a=A —-0 (Fig. l). The func-
tion i//(u) with the limiting values 11, for u—> i oo is the boundary
value of the negative imaginary part of p(w). The function p(w)
is analytic in v>0 and satisfies Eq. (2.2). Hence,

p<w>=w+ï<w+—w_)logw—ï+œM (2.4)n 7t -00 t—w
where

- _ Mama—w . u<0
“LO—{may u>0
The subtraction term in J and its subsequent reconsideration
in the log term is necessary to ensure the convergence of Eq.
(2.4) if du 451(k- Using the identity

Im{ lim l
+00

Wt)dt}=lß(u)
v—>+O TC —oo

it is easily verified that Eq. (2.4) meets all requirements. The
normalized magnetic field in the p-plane,

h = h) + ihz = (H, + i)/Hn

t—w

(2.5)
is derived from a normalized complex potential f (p) by h(p)
=f’(p) where, by virtue of the Cauchy-Riemann differential
equations, the lines Ref= const. are the equipotential lines and
the lines Imf=c0nst. the field lines. By the conformal mapping
w(p) this field is mapped into a magnetic field in the w-plane,
which is derived from the complex potential g(w) =f (p). In view
of the quasi-uniform inducing field the magnetic field in the
upper w-halfplane is also uniform and can be derived from the
normalized complex potential g(w)=w, where Eq. (2.2) has
been used. Hence the magnetic field in the p—plane is simply

h(10)=J"(19)=g’(W)W'(P)=1/lD’(W) (2-6)
or expressing h by means of Eq. (2.4) in terms of w,

1_ 1 +°° w(t)d t
fi— 1

_; _joo (t—w)2 (2.7)

For computational ease it is temporarily assumed that instead
of A the quantity a is prescribed. We are then faced with the
following problem:

The normalized complex magnetic field h and the depth
range a are given. Determine the complex point w and the real
function x/1(u) with 0§¢§a, which maximizes zO=Im p(w) sub-
ject to Eq. (2.7). Moreover, for vgo p(w) has to be a univalent
(or one-to-one) mapping.

2m

This problem of constrained maximization is best solved by
the use of Lagrangian multipliers (Luenberger 1969, p.249),
yielding, for the minimization of —zO (to retain the canonical
form), the Lagrange function

L=1m { -p(W)+Â[P’(W)— l/h]}
+00 +00- l #“(ÜWIMH l M+(t)(lß(t)-a)dt (2.8)

The complex multiplier Â=Ây+iÂz, where Ày and Àz are unre-
stricted in sign, is associated with the equality constraint Eq.
(2.7). On the other hand, the functions u“(t) and n+(t) as-
sociated with the inequalities —x//(t)§0 and inn—ago, re—
spectively, are positive where the inequalities are binding (i.e.,
satisfied with the equality sign), and zero elsewhere. The exis-
tence of an extremum requires that the first variation of L with
respect to w vanishes. Hence,

1 À— — — t + t =0 2.9mint—w) na—WV} u (>+u <) < )
Since L is linear in w, this function does not occur in Eq. (2.5).
From the fact that u‘zO for ¢>0 and u+=0 for ¢<a it is
immediately deduced that the only points t where z/1(t) attains
neither its lower nor its upper bound, are the roots of

m{_1___Ä__}:0t—w (t—w)2

which has at most two real roots. This is assumed here and
verified in a later stage. The origin on the real axis of the w-
plane is now fixed by placing the two roots at t: ire, c>0.
Hence, either

(2.10)

a) w(t)={g’ m: (2.11a)
01‘

b _ O, |t|<c) W)— a MM (2.11b)
These two cases will be discussed below. The model parameters
w and c are determined from the fact that at an extremum the
three partial derivatives of

L=Im { -P(W)+Â[p’(W)- 1/111}
with respect to u, v and c have to vanish. This latter form of L
differs from Eq. (2.8) by the inequality terms, which vanish for
a choice of p(w) according to Eq. (2.11a, b). An analytic func-
tion f (w) satisfies

Öu 1mf(W)=1mf’(W), Öv 1mf(W)= R6f’(W)
where Öuzö/Ö„‚ etc. Hence, the first two conditions are equiva-
lent to

Â = p’/p” (2.12)
which combined with ôcL=O yields the extremal condition

Im { - Öcp + (p’/p”) ÖCP’} =0 (2-13)

—p’+Âp”=0 or

Case a:

From Eqs. (2.4) and (2.11 a) it follows that
a —c-—w

p(w)=w+— log ( )
7r +C—W

reducing Eq. (2.13) to

7t(|w|2—c2)—2ac=0 (2.14)
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Fig. 2A—C. Types of extremal models for a single observation point
showing upper and lower conducting sheets and magnetic field lines:
(A) for hy<1, (B) approximate model for hy>1, (C) exact model for
hy>1 (see text for full explanation)

Equation (2.14) supplements the complex equation p’(w)=1/h.
This set of three real equations is solved by

h 2h —1
11:3}!i

tanß, 122% tanß, c=:—
11h),

(2.15a—c)

where

2h —1t 2 =——y———— 2.16“If 05—1V+n§ ( )

implying

Im () a( ß+ta ß) A(1 n ) (217)z = w :__ — n -—- ————— .O p 71: n—ß+tan‚ß

For consistency, insertion of Eq. (2.15a—c) and of Â from Eq.
(2.12) will verify that t= ire are the two real roots of Eq. (2.10).
Equations (2.17) and (2.16) provide a partial answer to the
problem under consideration. The answer is incomplete be-
cause c, assumed to be positive, becomes negative for hy>1.
The second change of sign of c at hy=0.5 is not serious, since
the horizontal magnetic field of internal origin, fly—0.5, is al-
ways non—negative. (The normal magnetic field H" consists of
the external inducing field and the internal normally induced
field in equal parts.)

The type of the extreme model and a few field lines are
shown in Fig. 2, part A. It consists of two horizontal halfplanes
at z=z0 and a horizontal plane at z=A. The width of the gap
between the halfplanes (i.e., the distance between the two points
where p’(w)=0) is

2 2 ld=i{1 24.10%“), pm
—8 —8TC

For hy—>1—O and hz>0 (saY), the right halfplane is displaced to
infinity, yielding an infinite width.

Case b:

Combining Eqs. (2.4) and (2.11b) we obtain
a c—w

p(w)=w+—— log ( >
7: c+w

91$

and the extremal condition

7t(|w|2 —c2)+2ac=0

The resulting parameters u, v, and 20 are identical with those
given in Eqs. (2.15a, b) and (2.17), whereas

a 2hy—1
c=—~

7t hy—l

suggests that case b covers the range hy>1. However, an in-
spection of Eq. (2.18) reveals that p(w) is not univalent for all
v>0. Only for sufficiently large v are the lines v=const., which
are field lines for a quasi-uniform inducing field, mapped into
the corresponding field lines in the p-plane (Fig. 2, part B). The
value of U can decrease until a limiting field line is reached
where two different parts of the field line touch at the axis of
symmetry. For smaller 1), the image of the line v=const. has
two points of intersection on the axis of symmetry, implying
that for —a§1mp(w)§0 two different points of the w-plane are
mapped into the same point of the p-plane. The deepest physically
real conductor is traced by the limiting field line, whereas
contrary to our assumption the line 020 does not map the
interface of a physically real conductor.

Since the search for an extremum model within the re-
stricted class of simply connected conductors failed for hy>1,
the broader class of doubly connected conductors will now be
considered.

2.2 Doubly Connected Conductors

An account of the theory of conformal mapping of doubly
connected domains, which is intimately related to the theory of
doubly periodic functions, is given by Koppenfels and Stall-
mann (1959).

We assume the conductor configuration of Fig. l: A conduc—
tor C1 with undulating interface extending at both sides, with
horizontal tangents, to infinity and an isolated conductor C2 of
finite extent. A very special case of this class is shown at the top
of Fig. 3. A branch out from any point of C2 to infinity creates
a simply connected domain. As in Sect. 2.1 we introduce two
complex variables

p=y—i(Z-Zo),
where w will now be dimensionless. Using the univalent confor-
mal mapping w(p), the simply connected domain is mapped
into a rectangle of length n and heigth %oc in the w-plane, such
that C1 is mapped into v=0 and C2 into vzâoc, Ogugn (top
and centre of Fig. 3, for illustration). The aspect ratio of the
rectangle depends on the conductor system C1, C2. Broadly
speaking, oc is large if the minimum distance between C1 and
C2 is large compared with the dimension of C 2, and vice versa.
To each physical contour around C2, which must cross the
branch cut, corresponds a different rectangle in the w—plane,
displaced by a distance 77: to the right (left) if C2 was lying to
the left (right) of the contour. Hence, w(p) is multi—valued and
p(w) periodic, satisfying p(w+k7t)=p(w) for any integer k.

Let p=oo be mapped into w=0. Then the asymptotic be-
haviour

W09): —b/p

w=u+iv (2.19)

for p ——> oo, Im p > O (2.20)
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Fig. 3. Example of the mapping of a doubly connected domain in the
p-plane (upper diagram) onto half a period rectangle in the w-plane
(lower diagram). The period rectangle is completed by the mirror image
at v=oc/2 and periodically reproduced with periods 7: and ioc. The
bottom shows magnetic field lines for a doubly periodic dipole and a
uniform magnetic field in the w-plane. As a consequence of Eq. (2.23)
the uniform field is adjusted to yield a vanishing net flux across a line
from any point at v=0 (except source points) to any point at v=oc/2.
The magnetic field in the w-plane corresponds to a quasi-uniform
inducing field in the p-plane

establishes a conformal one-to-one mapping of a neigh-
bourhood of p=oo onto a neighbourhood of w=0, where the
scaling length b>0 has to be determined. The minus sign
ensures that Imw>0 if lmp>0.

For a quasi-uniform inducing field let

H(P)/H„=h(P)=f’(p)‚
where f (p) with fQ2): p for p—>oo is the normalized complex
potential. Then the corresponding normalized potential g(w)
=f(p) behaves according to Eq. (2.20) as

g(W)= —b/w
which can be interpreted as the potential of a horizontal mag-
netic dipole or current doublet at w=0, corresponding to the
fact that the normal magnetic field in the p-plane can be
conceived as the limit of a distant line current and its mirror
image at C1.

In virtue of the Cauchy-Riemann differential equations the
real part of the complex potential can be interpreted as the
ordinary scalar magnetic potential and the imaginary part as
the only component of the vector potential. At boundaries to
perfect conductors this component vanishes since it is pro-
portional to the time derivative of the electric field, vanishing
at conductors. Hence, g satisfies the boundary condition

v=oc/2

(2.21)

for w —> 0, (2.22)

Img(w):O for 0:0 and (2.23)

The complete potential g(w) can be considered as the super-
position of the potentials of the infinite sequence of dipoles a
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distance 1: apart along the horizontal axis, plus the potentials
of the infinite number of images of this sequence at v=oc, —oc,
20c, —2oc, which ensures that Im g is constant at the con-
ductors at 0:0 and v=oc/2, plus the potential of a still un-
specified uniform horizontal field which adjusts Im g at both
conductors to zero. Hence,

g(W)= -b{<p(w‚ oc)+CIW+cz} (2.24)
where

+M + 1
‚ = 1' ______(NW 0:) M1320 „‚ÄM k=z_œ w—kn—imoc

+M
= lim Z cot(w—imoc) (2.25)

M—’°0 m=—M

t +2î
sin2w

(226)= O W .C
m=1 cosh 2moc—cos 2w

__
ï

sin 2w
-m=_œ cosh 2moc—cosZw

=91(w)/91(w> (2.27)
with

9,(w)=2 Z (—1)" e-a<"+%>2 sin(2n+1)w (2.28)
n=0

The above derivations are based on the identities 4.3.91, 4.3.39
and 4.3.31 of Abramowitz and Stegun (1965) and Example 15,
Chap. 21 of Whittaker and Watson (1927). In Eq. (2.27) 91(w) is
the first Theta function for the period ratio r=ioc/7t in the
notation of Whittaker and Watson. The series (2.26) is rapidly
convergent for ocèn. For oc<7r the application of Jacobi’s imag-
inary transformation (Whittaker and Watson 1927, p. 474) to .91
also yields a rapidly convergent representation:

2w n nw 7I2
@(W,O€)=——+——§0 .—2—oc toc loc oc

(2.29)

The constants c1 and c2 in Eq. (2.24) are determined from the
observation that

0, v=0
1, v=oc/2

(except source points)
Im (p(w, oc) =

The latter result is obtained by rearranging the terms of Eq.
(2.25), yielding only a contribution for m: —M. Hence, satisfy-
ing Eq. (2.23) by c1 =2/oc‚ 62:0, we end up with

g(w)= —b{ç0(w, oc)+2w/oc} (2.30)

The bottom of Fig. 3 shows a few magnetic field lines, Im g
=const., within a complete period rectangle of length TE and
height a. A particular feature of the field in any doubly con-
nected domain is the existence of a neutral point (g’=0).

The presence of a linear term in the complex potential
reflects the fact that the scalar magnetic potential and hence
the complex potential is a multi-valued function, increasing
after any closed clockwise contour by the amount of current
encircled, reckoned positive if flowing in x—direction (into the
sheet). Hence, the total current I flowing in the conductor C2 is

27th=— H1 (2.31)
OC

After having determined g(w), the normalized magnetic field in
the p—plane is given by

W?) =f’tp) = g’ (W) ' W’(p) = g’(W)/P’(W) (2-32)



|00000227||

Let t//1(u) and w2(u) be the boundary values of the negative
imaginary part of p(w) at v=0 and v=oc/2. With the formula of
Villat (Koppenfels and Stallmann 1959, p. 107) the mapping
function p(w) — analytic in 0<v<oc/2 — is, apart from a real
additive constant, given by

1
1E

p(W)= „7; I{ll/10)90(t—W)—¢2(I)X(t—W)} dt
2w n

+577:— (Mm—(20)} dt (2.33)
where

X(W) = <P(W+%i0<) +i= 921(W)/94(W)
°° 2sin 2w= 2.34

m=1 cosh(2m——1)oc—cos2w ( )

using a set of identities given in Chap. 21 of Whittaker and
Watson (1927).

Unlike the complex potential g(w), the mapping p(w) is
periodic p(w+7t)=p(w), requiring that the second term of Eq.
(2.33) vanishes, i.e.,

l{¢1(t)-W2(t)}dt=0 (2-35)
0

provided that the domain is strictly doubly connected (oc< oo).
Because of Eq. (2.20), p== —b/w for w—>0, and

1lim — ——v———ô(u)
TCv—>+0 u2+02

it is reasonable to split W1 into a bounded part 1171 and an
unbounded part,

n01(u)='‚51(u)-b7I 5(14) (2.36)
implying that the proper range of integration in Eqs. (2.33) and
(2.35) is from —0 to n—O. For Ogugn the functions J1 and
{/12 are bounded by

0§$1(u)§aa Défi/200561 (2'37)

where again a——=A—zO (Fig.1). Hence we are faced with the
following problem: The complex number h=g’(w)/p’(w) and the
depth range a are given. Determine the two real functions 1,51
and $2, subject to Eq. (2.37), the complex point w and the scale
length b such that 20=Im p(w) is a maximum.

As in Sect. 2.1, the problem is solved by means of a La-
grange function L, which now reads

L=1m { -p(W)+Ä[P’(W)/g’(W)- l/hJ}

+5) {—,u1_ ‘pi‘i‘lui 0/71 —a)—‚ug {1/2441: (lb—61)} dt

+ÂO{Â (1/11—x/12)dt—7rb} (2.38)

The difference from Eq. (2.8) is only that two functions have to
be determined, constrained by Eq. (2.35). Since L is linear in {fil
and 11/2, the same arguments as in Sect. 2.1 lead to the result
that in an extremal model x/Ïl and t/I2 can attain only the values
0 and a. Since C 2 contours a conductor which does not extend
to infinity, [/12 must be continuous. The only possible choice is
$220. (In the case ¢2=a the doubly connected domain de-
generates into a simply connected domain, and the results of

~

Sect. 2 can be recovered.) The function (010) may have either

none or two points of discontinuity, the latter being the roots
of

Im {(p(t—W)+Âç0’(t—w)/g’(w)}+7IÂO=0 (2.39)

which are mapped into p=oo. First it is assumed that Eq.
(2.39) has no roots. Then we have to choose ((11:61, which
implies according to Eqs. (2.35), (2.36) and (2.33) that b=a and

P(W)= -a{</)(W)+i} (2.40)
In Eq. (2.33) we have used

jcp(t—w)dt=10g91(t—w)l’5=i7t, v>0
0

The mapping of Eq. (2.40) maps the line v=âoc into a horizon-
tal strip at 2:20 and the line v=0 into a plane at z=zo+a
=A. The model is illustrated in Fig. 2, part C. Inserting Eq.
(2.40), the Lagrange function, Eq. (2.38) reduces to

L: 1m {61(4) + i) + Haï/(90’ + 2/0<)-1/h]}
At an extremum, the three partial derivatives with respect to
u,v and oc vanish. As in Sect. 2.1, the first two admit the
elimination of À, and the third then provides the extremal
condition

1m {dam—WM”) - Öa(0<<P’)} =0 (2.41)
which supplements the constraint
h =1 + 2/(octp’) (2-42)
The nonlinear system, Eqs. (2.41) and (2.42) is solved easily by
numerical means. Some insight, however, is obtained by an
approximate solution. For hy slightly greater than unity the
extremal model must be close to that for kg 1, i.e., the strip at
2:20 is wide and oc is small. In this limit, Eqs. (2.29) and (2.26)
yield the approximation

2w 77: NW
(P(W‚OC)=—_‘+T—‘ COt ——.)‚ oc<7z

oc zoc toc

reducing the extremal condition Eq. (2.41) to

2 2 2
cosh (2) + (71—— 1) cos (2) =0

oc oc oc

After solving for u, v, and oc, the relationship Eq. (2.17) is
reproduced exactly. Hence, Eq. (2.17) gives reliable results for
hy>1 also if

oc/7t2 =(hy ——1)/(2hy — 1)
is small. The applicability of Eq. (2.17) for hy>1 is revealed
from Fig. 2, parts B and C. The field lines, which become
identical at infinity, show a remarkable similarity, except for
the different field line topology in the region of weak magnetic
fields. The approximation of Eq. (2.17) is worst if both hy and
Ihzl are large, i.e., for points near the edge of the strip. Howev-
er, the results of Table 1 indicate that for all cases of geophysi-
cal interest, Eq. (2.17) provides a completely satisfactory ap-
proximation. The figures of Table 1 underline that the search in
the extended class of doubly connected conductors consistently
yields a slightly greater zo/A-value than the search in the class
of simply connected conductors.

At hy=1 the transition between the extremum models of
Fig. 2, parts A and C is continuous: Assuming hz>0, the right
edge of the gap (A) tends to y= + oo for hy=1——0 and the left
edge of the strip (C) tends to y: — 00 for hy=1 +0.
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Table l. Comparison of approximate and exact zo/A values

11y lhzl zo/A (approx.) zo/A (exact)

2.0 1.0 0.0973 0.1027
2.0 0.5 0.1494 0.1534
2.0 0.0 0.1790 0.1822
1.5 1.0 0.1036 0.1057
1.5 0.5 0.2213 0.2225
1.5 0.0 0.3371 0.3376

Iso-lines of zO/A which are circular arcs for hygl, are
shown in Fig. 4. If only hy or hz is given, 20 is the greatest value
attained if the unknown parameter varies freely. If hy is given,
20 reaches its maximum for 112:0; if hz is given the maximum
of zO occurs on the light dashed line, which in the approxima—
tion of Eq. (2.17) is given by hz2 =hy(hy— 1).

3 Two-Point Extremum Models

Now we assume that the complex magnetic fields h1 and h2 are
given at the two surface points p1 and p2 with p2— p1=d, and
that the electromagnetic field does not penetrate deeper than a
given depth A. From these data we want to obtain the upper
bound 20 of the depth to the top of the anomalous con-
ductivity. For this two-point problem the answer will remain
incomplete since for certain combinations of the data triply
connected conductors will be required, which cannot be han-
dled with the present tools.

We are going to determine the mapping function p(w), Eq.
(2.33), depending on wl and {p2 with p(wk)=pk, k=1,2. The
complete Lagrange function is (cf. Eq. (2.38))

L=Im{—p1+/id(p2—p1—d)+/1A(p1+ia—iA)

+ MPi/gi. - 1/110}

+ {—uïtfi1+uî(tfi1—a)—uï w2+uï(w2—a)}dtl,
+Äo{}(l;1_l//2)dt—7Ib}

The multiplieers 21, ‚12, and 11,, are complex, since each ac-
counts for two constraints, whereas ÂA and ‚10 are real. The
length a=A—z0 is now explicitly treated as variable. Again,
the linearity of L in (fil and 1,02 implies that these functions
attain only the values 0 and a. In particular ¢2=0, since {#2
has to be continuous. On the other hand, 1/31 may have (at
most) two jumps between 0 and a, occurring at the roots of the
first variation of L with respect to $1,

Im{(1 hid—11,1)- cp(t—w1)—Äd<p(t-w2)
2

+ ’lk g0’(t—wk)/g;‘}+7r/io=0 (32)
k=1

Let these roots be yl and yz with Ogy1 gyzgn, i.e.,

0, 0§t§y1
t/71(t)= a. vétévz (3.3)

0, yzgtgn

Then Eq. (2.35) yields b=(y2—y1)a/7t and the mapping accord-
ing to Eq. (2.33) using Eq. (2.27) is

SAW—“0}
3.4

91(Vz-W)
( )p(w)=%{—<v2—y1)<p(w>+log

The model consists of two halfplanes at 2:20 with a horizontal
strip in the gap and a plane at z=A. It includes as limiting
cases the extreme models (A) and (C) of Fig.2, which cor-
respond to oc=oo and y1=0, y2=7t, respectively. To determine
the model parameters for a given data set hl, h2, d, and A, the
slightly modified Lagrange function

L=Im{—p1+Äd(p2—p1 —d)+/lA(P1+ia—iA)

2

+ Z Äk(gL/pL-hk)} (3-5)
k=1

is used, differing from Eq. (3.1) in that, instead of the data
kernels for l/hk, the kernels for hk are considered. The reason
for this is that the associated Âk has an immediate interpre-
tation, since the Lagrangian multipliers measure the sensitivity
of the objective function 20 to small changes in the data (Luen-
berger 1969, p. 221).

Fig. 4. Iso-lines for zo/A (curve parameter) and the curve
joining the maxima of the iso—lines. The latter curve is
used if only hz is given
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In particular

„_Özo
"0t

_ ôzo
+l ,âhflc ImÂd=ôdzo, ÂA=ôAZO (3.6)

At an extremum, the partial derivatives of L with respect to
real and imaginary part (if present) of the variables ‚II, 12, lid,
‚1A, w1‚ wz, )21, )22, a and oc have to vanish, yielding a system of
fifteen equations (linear in the Lagrangian multipliers) for fif-
teen real unknowns. Also, Eq. (3.2) has to be satisfied for t
=y1, )22, introducing Ào as an additional variable. It is easily
verified that the two latter conditions and the conditions on the
partial derivatives of L with respect to )21 and yz provide only
three independent equations, implying that Eq. (3.2) can be
ignored (since ‚10 is of no interest).

As an example, for h1=(1.0, —0.5), h2=(1.5, 0.0) and d/A
=O.25 we obtain

1, =(0.2113, 0.2672)A, I,=(—0.1018, —0.0538)A
‚1d = ( — 0.3550, 0.3528), 1,, = 0.0694
w1 =(0.3387, 0.9118), w2 =(2.9917, 1.1482)
y1=0.2389, y2=2.3056, a=0.8424A, oc=3.8923
Hence, 20:0.1576 A. The abscissae of observation points and
of halfplane and strip edges are, respectively, —0.2241 A,
+0.0259A; —3.5008 A, +1.1141A; —0.0623 A, +0.0619A. In a
single-point extremum model h1 and h2 would yield ZO/A
=O.2213 and 0.3376. This demonstrates that consideration of
the field gradient can significantly improve the depth estimate.
For different data, one might try to find the corresponding
parameters by solving a sequence of problems, which gradually
transform the above data into that required.

The doubly connected model breaks down if the solution of
the system demands )1 <0 or y2>m In this case a triply con-
nected model is required, where for y1<0 (y2>77:) the two
halfplanes at 2:20 merge into a second strip to the right (left)
of the first. It has not been possible to formulate the conditions
under which a switch to triply connected conductors becomes
necessary, in terms of the data. However, from

ôy1L=O or ôy2L=O

it is inferred that limiting models satisfy
1mm”1 h1 +22 h,)=0 (3.7)

Defining the vector
h=(hy1, hzl, hyz, hzz) and D=h- 1720(h)
Equations (3.7) and (3.6) imply that for limiting models D=0,
i.e., at the corresponding magnetic field values the hyperplanes
through the origin are tangential to the surface 20 =const. An ana-
logue of condition (3.7) also holds for single-point problems, where
it means that the switch from simply to doubly connected con-
ductors occurs, where in Fig. 4 the lines through (hy, hz)=0 are
tangential to the zo-isolines, i.e., at hy= 1.

The two-point problem becomes particularly simple if A
(and a) tends to infinity. In this case, the image of the plane 2
=A reduces to a point, i.e., yl —>y2(=y) such that b=(y2
—y1)a/7t remains finite. Expanding Eq. (3.4) at y=y1 using Eq.
(2.27),

p(W)= -b{<0(W)+<p(v-W)} (3-8)
The edges of the halfplanes (0:0) and of the strip (v=oc/2),
defined by p’(w)=0, occur at u=y/2 and u=(7t+y)/2. Knowing

the type of the model, the extremal parameters for the data set
hl, h2 and d can be inferred as follows:

The current flows in the same direction in halfplanes and
the strip. This is obvious for physical reasons and can be
deduced from

hy(y,zo)dy=g’(w)du>0 v=oc/2
(Eqs. (2.32), (2.30), (2.29)), implying that hy is different in sign
immediately above and below the conductors. Let j(y)§0 be
the induced sheet-current density at 2:20, normalized by H".
Then the normalized magnetic field of internal origin at a
surface point p= y+izO is given by (p0: yo)

1_i
2—2n

for 0:0 and

To
100) dyo

—oo p_p0

whence using Schwarz’s inequality

h(p)

+00dz
' d 2

Ihl—h2I2=-—2 i
10/0) yo l

4% _oo(p1-po)(p2—po)l
d2 +00 j(y0)dy0

To j(yo)dyo
éT—z l 2 2471? _OOIP1—Po| —oolp2_p0|

2

(zhyl—Ixzhyz—l)
24—25.)

OI‘

Zoél/(zhyl—tfl—i) d (3.9)2|h1—hzl
Equation (3.9) provides an upper bound for 20, where the
equality sign holds for a line current. The upper bound is also
attained if a uniform vertical magnetic field is added to the line
current field. This field can be conceived as the magnetic field
of induced currents in remote halfplanes at such a distance
from the surface observation points that a uniform vertical field
is observed.

The currents in the strip degenerate into a line current if
oc—> oo. In this limit Eq. (3.8) reduces to

p(w)= —b{cotw+cot(y—w)} (3.10)

The condition that the edges of the two halfplanes (u=y/2 and
u=(7t+y)/2), lying at

y= —2b cot())/2) and y= +2b tan (y/Z) (3.11)

tend to y= ioo requires that b—>oo, however in such a way
that b/oc is finite, ensuring according to Eq. (2.31) a finite total
current in the strip. The latter limit implies, in view of Eq.
(3.10), that at a point p (not at infinity) v——>oo, leaving be“2"
finite. Hence, using Eq. (2.32) and taking all limits into account,

_ ibh(p)=%(1—lcoty)+— (3.12)
OCP

The first term is the inducing field, the second term the uni-
form vertical field from the induced currents in the remote
halfplanes, and the third term the field of‘ an induced line
current at the origin of strength I, given by Eq. (2.31). A simple
relationship between y and the ratio of the distances to the
edges of the halfplanes can be established by Eq. (3.11). By
means of Eq. (3.12) for p=p1 and p=p2 the five parameters 20,
y, b/oc. y]. and y2 are easily adjusted to the five data h 1, h2, and
d. In particular, as expected,

Z :1/(2hy1—1)(2hy2—1) d0 2|h1—hzl (3.13)
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Equation (3.13) assigns a depth 20 to any data set, even if
inconsistent (e.g., h).1=0.5, hy2>0.5) or pathologic (hy1=hy2,
hz1>h:2, where y1—> ioo for hy2=hy1 $0).

Although it is appealing that Eq. (3.13) depends on measur-
able data only, the absence of a priori assumptions renders it
inefficient.

Finally, a comment on the triply connected domain with
two horizontal strips at 2:20, which is necessary for yl <0 or
y2>7t. Although the mapping is no longer univalent in this
case, the value obtained for 20 will still be very reliable, as in
the single—point problem. As an alternative we may try to
adjust the parameters of the model (of known type) by direct
model calculations. For a sheet—current density j(y) at z=zO the
magnetic field is

i +°° 1h(p)=1+——— { — _ (3.14)
27T —joo P—YO p—(yO—zm)

The second term in the integral is the mirror image of j at Imp
= —a, where the imaginary part of the complex potential f (p)
has to vanish. Hence,

)lo) dyo

f(p)=p+ia+êïn- l Mai—ll} j(yo) dyo

The condition Imf(p)=0 for yeC, where C is the union of
conductors at the level z=zO, then leads to the integral equa-
tion

(y_}’0)2

(y—yo>2+4a2 (3'15)1 +°° ‚
a+4—n- llog{ }J(J’0)dJ’0:O‚ yeC

which is easily solved, particularly if the edge singularities of j
in a strip from y1 to y2 are isolated by assuming

j(y)=f(y)/V(y2-y)(y—y1),

4 An Application

y6(y1,y2)

In cooperation with U. Schmucker, parts of his magnetic field
data collected during the IGY along north—south profiles across
the North German conductivity anomaly (Schmucker 1959)
have been reanalyzed with particular emphasis on the con-
struction of a reasonable magnetic reference field (Weidelt
1978). Figure 5 presents the transfer functions hy and hz for a
period of T=1800s on the eastern profile. Of course, the out-
of-phase component has to be ignored in the simple perfect
conductor model.

The depth to the top of the anomalous conductivity causing
this pronounced anomaly is most restricted by the magnetic
fields at the three sites

GT (Göttingen): h(GT) = (0.69, — 0.20)
FAL (Fallersleben): h(FAL) = (1.06, — 0.78)
EBS (Ebstorf): h(EBS) = (1.24, + 0.07)
at profile distances 99 km and 68 km apart.

First the two-point formula, Eq. (3.13) for A: oo is applied.
The depth 20 can be obtained for any two points of the profile.
However, only the smallest value obtained is of geophysical
interest. The pair FAL—EBS yields 20:50 km and the pair GT-
FAL z0 =47 km.

For more useful estimates we have to fix the depth A, which
in the real geophysical situation can be approximately iden-
tified with a regional average of

Re {Ex(w)/(iw#o Hy(610)}
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Fig. 5. Transfer functions and their standard variations on the eastern
profile across the North German conductivity anomaly

for the frequency c0=27t/T (Schmucker 1970), where Ex is the
horizontal electric field perpendicular to Hy. Taking A
=200 km, the site FAL is the most restricting for the single-
point problem, yielding according to Fig.4 20:24 km. To a
minor extent, the depth is also restricted by the low hy(GT)—
value (20 = 34 km).

Proceeding to two-point problems with finite A, the stations
FAL-EBS reduce 20 to 22 km, and the sites GT—FAL reduce it
even further to 17.7 km. In the latter case the extremal model
consists at the level 20 of a conducting strip between 18 km and
133 km north of FAL and two remote halfplanes with edges
431 km south and 719 km north of FAL and of a conducting
plane at the level A. The Lagrange multiplier 2A=0.05 in-
dicates that an increase of the poorly known depth A by 50 km
(say) would increase 20 by about 2.5 km.

It should be emphasized that the actual extremal model,
which fits only a few data, is not of great interest. The only
relevant information is the number 20:17.7 km, meaning that
any two-dimensional perfect conductor model with A=200 km
explaining the data will show a conductor shallower than 20.
The data errors introduce into 20 an uncertainty of at most
i5.6 km, as can be deduced from Âl and Âz.

5 Conclusions

The extremal models, which have been constructed for N =1 or
2 observation points, consist of a conducting plane at a given
depth z=A and either N gaps or N conducting strips at the
level z=zo. Apart from transition models, strips and gaps are
of finite lateral extent. Including 20, the coordinates of the
edges with respect to the observation points are specified by
2N +1 real constants. 2N equations are furnished by the data
and the last by an extremal condition (not given explicitly for
N =2).
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The above results can be generalized to arbitrary N, yield-
ing an M-connected conductor (M =N or N +1). The exterior
of the conductors is mapped by a univalent mapping onto the
exterior of M parallel slits with pre-assigned inclination to the
real axis (Goluzin 1969, pp. 210, 275). Although some insight
into the general structure of the problem is obtained by con-
sidering arbitrary N, the problem is not open to simple numeri-
cal treatment. However, knowing the structure of the extremal
model, the problem may be handled by Eqs. (3.14) and (3.15):
Pre-assigning a small value of 20, we try to infer the 2N edge
coordinates from the 2N data, which is a nonlinear problem. If
a set of coordinates can be found, zO is gradually increased
until a solution is no longer obtained. The limiting value of zO
will be considered as the best possible estimate.

A more urgent need than the generalization to arbitrary N is
the generalization to conductors of finite conductivity, incorpo—
rating the out-of-phase component of the transfer functions into
rating the out-of-phase component of the transfer functions into
the data. These models will certainly considerably improve the
depth estimate. Although the above results may serve as guide-
lines, the method of solution must be quite different from that
presented here. Perhaps the method of analytic continuation of
electromagnetic fields, as developed by Zdhanov (1980), may
turn out to be quite useful.
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Abstract. Various parameters pertinent to the lower crustal layer
under Precambrian regions are listed for locations where seismic,
and geomagnetic or geoelectric, studies have been undertaken.
The parameters define three distinct types of lower crustal layer
with certain dominant characteristics: Type I — “Normal” — typi-
cal continental seismic parameters and a high electrical resistivity
(103—104 Qm); Type II — “Intermediate” — high compressional
wave velocity (either fixed Vp=7.0 km s‘1 or transitional VP:
6.7—>7.3 km s“) and a moderate resistivity (100—300 Qm); Ty—
pe III — “Low” — a low shear wave velocity layer (LVSL), high
Poisson’s ratio (> 0.30) and low electrical resistivity (10—50 Qm).
Possible conditions and rock types, existing at the P—T environ—
ment of the lower crust and which could account for the observa-
tions, are suggested. The zoning of Canada into types implies
that Type II layers are shield “edge” effects, and that inability to
observe what is regarded as the final stage of development of
a shield region under certain shields may be due to their being
too small.

Key words: Precambrian regions — Crustal structure — Electromag-
netic induction studies — Seismic studies

Introduction

Various seismic and electrical studies over Precambrian regions
of the world have been able in the past to detail some of the
parameters of the lower crustal layers, e.g., compressional wave
velocity (Vp), shear wave velocity (VS), density (p), Poisson’s ratio
(a) from multi-method seismic studies, and electrical resistivity
(R — the normal symbol for electrical resistivity p is not used
to avoid confusion with density) from geoelectric and geomagnetic
methods. However, confusion is often apparent in the literature
as to why certain features are found in some parts of the world,
but not in others. This confusion is perhaps highlighted by Kovtun
(1976) who states, with reference to geomagnetic studies, that
“at present, we have almost no results on which a study of
the ‘normal’ distribution of conductivity vs depth in Precambrian
shields could be based”

It is with these points in mind, that the author has attempted
a broad classification of lower crustal Precambrian layers into
three types. In the following section, each of these types will
be described in turn and examples of their locations will be speci-
fied. The locations and their corresponding data sets, both seismic
and geoelectric, were chosen for the following reasons:

(i) all come from stable regions of low seismicity and heat flow,

O340-062X/81/0049/0226/801 .60

(ii) the data sets have all been thoroughly scrutinized by the
groups involved, and

(iii) the information is readily available.

Finally, possible candidates for the rocks at lower crustal depths
causing the various observed responses are suggested.

Classification

Type I — “Normal”

The prime example of a Type I lower crustal layer is that observed
in the centre of the Canadian shield. Seismic models presented
by Wickens and Buchbinder (1980), based on surface waves (Wick-
ens 1971) and refraction information (Mereu and Hunter 1969),
Hall and Hajnal (1973), and Green et al. (1980), representative
of middle and northern Manitoba, are illustrated in Fig. la, and
their estimated parameters for the lower crustal layer are detailed
in Table 1. The model of Wickens and Buchbinder (1980) was
shown by them to be consistent with the S-wave residuals observed
in the central shield region.

A transient electromagnetic sounding investigation undertaken
by Jacobson (1969; reported in Keller 1971) in Manitoba inferred
that there must exist a layer of uniform resistivity, of R 22,000 Qm,
to depths greater than 20 km, whilst magnetotelluric (MT) investi-
gations by three groups in Alberta (Srivastava and Jacobs 1964;
Vozoff and Ellis 1966; Reddy and Rankin 1971) all infer resistivi-
ties for this layer of 103—104 Qm.

It appears that the Ukrainian shield also falls into this Type I
category. Models P2 and P3 of Jentsch (1979) display a lower
crustal layer with Vp=6.2—6.4 km s“1 (the very thin transitional
layer between 32.5—33.4 km depth, of velocity increase from 6.8
to 7.6 km s‘1 can be ignored for this comparison), and the data
from the majority of magnetotelluric stations recorded by Tkachev
(1973; reported in Kovtun 1976) display apparent resistivities of
greater than 103 Qm over the period range 1—103 s. Such values
require a highly resistive crust, i.e., resistivity greater than about
4,000 Qm.

The heat flow observed on the Canadian shield is, on average,
39 m‘2 (Rao and Jessop 1975), i.e., 0.93 HFU, whilst on
the Ukranian shield values of 25—35 mW m—2 (Kutas et al. 1979),
i.e., 0.60—0.84 HFU, are reported.

Type II — ”Intermediate ”

The three main examples of a Type 11 lower crust are to be found
in northern Scotland, eastern Canada, and northern Sweden. N0
heat flow estimates are available for northern Scotland (Bloomer
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Table 1. Lower crustal parameters as inferred by the investigations reported in the text

Type Code Area Parameters Reference

Vp (kms 1) VS (km s71) p(gcm‘3) a R(Qm)

W 6.6 3.8 0.2522“ Wickens and Buchbinder (1980)
G Central Canadian shield { 6.55 Green et al. (1980)
HA 6.85 4.0 0.241 a Hall and Hajnal (1973)
JA Manitoba 2,000 Jacobson (1969)

I SR Alberta 940 Srivastava and Jacobs (1964)
R Alberta 3,500 Reddy and Rankin (1971)
VO Alberta 10,000 Vozoff and Ellis (1966)

JE ‚ _ _ 6.4 Jentsch (1979)
T Ukram‘a“ Sh‘eld 1 >4‚000 Tkachev (1973)

BA 7.0 Bamford et al. (1978)
A Northern Scotland { 4.04a 0.249 Assumpçâo and Bamford (1978)
H 100—300 Hutton et al. (1980, 1981)

ST Southern Superior Province { 7'0 7'2
504’500

ââäâîrgâôâg)

B1 Eastern Superior Province 6.7—+7.1 Berry and Fuchs (1973)
HA Southwestern Superior Province 7.1 i004 Hall and Hajnal (1973)

II G Southern Churchill Province 7.1, 7.2 Green et al. (1980)
B2 Northern Grenville Province 6.7—>7.5 Berry and Fuchs (1973)
KU Grenville Province 200 Kurtz and Garland (1976)
D Superior Province 270 Duncan et al. (1980)
JO Southeastern Grenville Province 7.14 4.11 3.11 0.25 Jordan and Frazer (1975)

6.75—>7.15 Hirschleber et al. (1975)
Northern Sweden { ~7 Lund (1970)

J 1404150 Jones (1981)
Southern Norway 7.17 Massé and Alexander (1974)

BL 6.8 3.75—3.85 2.95 0.28a Block et a1. (1969)
V Southeastern Africa { 10—50 van Zijl (1977)
B 50 Blohm et al. (1977)

III
JO >6.8 3.4 3.11 >0.30 Jordan and Frazer (1975)
C Southeastern { 10—30

{
Connerney et al. (1980),

Grenville Province Connerney and Kuckes (1980)

d denotes a calculated value assuming perfect elasticity on the rock
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et a1. 1979), but in eastern Canada values of 40—50 mW m"2 (1 .0—
1.25 HFU) are most commonly observed (Lachenbrueh and Sass
1977), and in northern Sweden 38—47 mW m‘2 (0.91—1.12 HFU)
are reported (Eriksson and Malmquist 1979).

In northern Scotland there exists between the Highland Bound-
ary Fault and the Great Glen Fault a lower crustal layer with
Vp=7.0 km s‘1 (Bamford et al. 1978) and 020.249 (Assumpcao
and Bamford 1978), giving a calculated Vs=4.04 km s’l, which
corresponds with a layer of electrical resistivity R=100—300 Qm
(Hutton et al. 1980, 1981). The original seismic interpretation of
this layer was of a velocity gradient layer from 6.7 to 7.3 km s—1
(Bamford et al. 1976), but such a layer was later found not to
be consistent with ray—tracing and a uniform layer of 7.0 km s“1
was found to be most effective (Bamford et al. 1978).

In eastern Canada, various seismic and geomagnetic studies
have been carried out. In southern Superior Privince, O’Brien
(1968) reported a zone with Vp=7.0—7.2 km s’1 at a depth of
19.5 km for stations on the north eastern side of Lake Superior,
whilst Berry and Fuchs (1973; reproduced in Berry and Mair
1977) interpret their data as inferring a velocity gradient layer
with Vp=6.7—->7.5 km s‘1 between 27—40 km depth. This layer
correlates with a geoelectric layer of 270 Qm, the top of which
deepens from 19 km in the south-west to 29 km in the north-east,
defined by Duncan et al. (1980) for the region around Timmins,
and with a layer of R=50—1,500 Qm for Wisconsin found by
Sternberg (1979).

In Grenville Province, Berry and Fuchs (1973) find another
velocity gradient layer with Vp=6.7—->7.l km s‘1 between 22—
40 km, whilst Jordan and Frazer (1975) report a layer between
15—25 km with Vp=7.14 km s‘1 and Vs=4.11 km s—l. The 2-di-
mensional geoelectric model for eastern Canada presented by
Kurtz and Garland (1976) has a uniform crust under Grenville
Province of R=200 Qm.

In northern Sweden, the best fitting gradient model to the
“Blue Road” seismic data includes a layer with Vp increasing
from 6.5 km s’1 at 20 km depth to Vp=7.15 km s‘1 at 42 km
depth (Hirschleber et al. 1975). Values of around 7 km s‘1 for
the bottom crustal layer were confirmed in a more sophisticated
analysis of the data by Lund (1979). Monte-Carlo inversion (Jones
and Hutton 1979) of the geomagnetic response function observed
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at Kiruna (Jones 1980), with the constraints that i) the top layer
have a resistance of 104 Qm (Westerlund 1972) and ii) that the
second interface be at 46 km, to correspond with the latest values
of Moho depth (Bungum et al. 1980), yielded a lower crustal layer
of R=140—450 Qm (Jones 1981).

Type III — “Low ”

The two examples for a Type III lower crustal layer are from
the Adirondacks, New York State, and the southeastern African
shield region.

In the Adirondacks, a joint controlled-source and horizontal
spatial gradient (HSG) investigation by Connerney et al. (1980)
and Connerney and Kuckes (1980) determined a zone of low
electrical resistivity (LRL — low resistivity layer) of R=10—30 Qm
at a depth of 25—34 km. This is exactly the depth at which Jordan
and Frazer (1975) interpret a shear wave low velocity layer (L VSL)
from 5,, phases for stations mostly situated close to Ottawa. The
studies of Jordan and Frazer inferred that the layer must have
a minimum Poisson’s ratio of 0:030, hence the value of the
compressional wave velocity for the layer Vp=6.80 km s"1 is to
be regarded as a minimum. Thus, the existence of a compresssional
wave low velocity layer (L VpL) is not proven, but the existence
of an LVSL has been confirmed by Wickens and Buchbinder
(1980).

Two geoelectric studies on southern African cratons inferred
LRLs. These were on the Kaapvaal craton (van Zijl 1977) and
the Zimbabwe (formerly Rhodesian) craton (Blohm et al. 1977).
Data from the Limpopo mobile belt also were explained in terms
of an LRL, but heat flow estimates on mobile belts have been
observed to be anomalously high when compared with cratonic
terrains (Carte and van Rooyen 1969) hence the model is not
included here. Bloch et a1. (1969), in an analysis of surface waves
observed by an array of seismometers centered on Johannesburg,
infer from their data the existence of two LVsLs, one at 12 km
and the other at 24 km (Fig. 3a). The depth of the deeper LVsL
corresponds exactly to the depth of the LRL as interpreted by
Blohm et al. (1977), and the LRL under the Limpopo mobile
belt (van Zijl 1977). It may be significant that the model of Bloch
et al. (1969) does not display an LVpL.
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Discussion velocities for eclogite under these P—T conditions, of Vp=7.8—

The notable characteristics of the three types classified are:

a) Type I — Normal
— typical continental Vp, Vs and a values
— highly resistive, i.e., greater than 103 Qm.

b) Type II — Intermediate
— Vp of around 7.0 km 3”, either fixed (northern Scotland) or

transitional from 6.7—+7.2 km s'1 (eastern Canada, northern
Sweden)

—— typical a values of around 0.25
— moderately resistive, R=100-300 Qm.

c) Type 111— Low

—- low shear wave velocity layer (L VsL), possibly without a corre-
sponding low compressional wave velocity (no LVpL)

-— high Poisson’s ratio, of a > 0.30
— highly conductive, with R: 10—50 Qm.

The association of L VpL layers with LRL layers in more tecton-
ic regions has been known since the early 1970’s (see, for example,
Landisman et al. 1971), even though the existence of both was
initially in question (Healy 1971; Porath 1971). Many theories
have been proposed to explain these layers, the two most often
mentioned being the role of water of dehydration escaping into
pore spaces (Hyndman and Hyndman 1968), or of hydrated rocks
under typical P—T conditions in the lower crust (Landisman et al.
1971; Jordan and Frazer 1975). For Precambrian regions, the
former of these is however considered untenable (see later).

At Moho depths under the centre of the Canadian shield (~
35 km, Wickens and Buchbinder 1980), the temperature is be-
lieved to be in the range 400°—500o C (Rao and Jessop 1975),
preferably towards the upper end of this limit (475° C as given
by Eq. (5) of Hall 1977), with a pressure of around 10 kbar
(9.5 kbar, Eq. (7), Hall 1977). At such P—T and anhydrous condi-
tions, eclogite is the stable mineral assemblage for basalt of quartz
tholeiite composition, rather than garnet granulite (Ringwood
1975, p.25, Figs. 1—6). However, the inferred compressional wave

8.6 km s‘1 (Press 1966, Table 9—2; Manghnani et a1. 1974; Chris-
tensen 1979), require the presence of large amounts of minerals
of relatively low VP, e.g., quartz and alkali feldspars (Ringwood
1975, p. 39). This implies a dioritic rock in the granulite—eclogite
facies as a suitable candidate, e. g., quartz diorite, VP: 6.71 km s“ 1,
VS=3.8 km s"1 (Press 1966, Tables 9—2 and 9—3), p=2.68—
2.96 g cm‘3 (Daly et al. 1966, Table 4.1). Measurements of electri-
cal conductivity on alkali basalts at 500° C indicate values in
the range R=103—104 Qm (Bondarenko and Galdin 1972; re-
ported in Haak 1980) whilst Volarovich and Parkhomenko (1976)
specify a range of R=104—105 Qm for granodiorites, quartz dio-
rites and diorites at this temperature.

The compressional wave velocity for the Type II layer, s
6.8—+7.2 km s”, can be explained by either a garnet granulite
in an anhydrous crust, as suggested by Manghnani et a1. (1974)
and Ringwood (1975, p. 39), or by amphibolites in a hydrous
crust (Ringwood 1975, p. 41). Measurements of Poisson’s ratio
at 10 kbar by Manghnani et al. (1974) on their garnet granulite
samples give a mean of é=0.282i0.017 (one standard deviation),
which is too large compared with field observations (northern
Scotland, a=0.249i0.020, Assumpçäo and Bamford 1978; east-
ern Canada, 02025, Jordan and Frazer 1975). Also, the electrical
resistivity of the majority of dry rocks expected to be found at
lower-crustal depths under Precambrian regions is never below
103 Qm for temperatures less than 500° C (Brace 1971, Fig. 3;
Haak 1980), with the notable exception of a Wisconsin gabbro
with R=650 Qm at T: 500°C (Housley and Oliver 1977). The
effects of increasing the pressure to 10 kbar at this temperature
were shown by Volarovich and Parkhomenko (1976) to have little
effect on the electrical conductivity, i.e., less than one third an
order of magnitude. However, Ringwood (1975, pp. 35—47) be-
lieves that gabbro is not stable at the P—T conditions of the lower
crust. Seismic evidence appears to confirm this suggestion because
although gabbros display compressional wave velocities of the
correct order when at 10 kbar (Vp~7.2 km s”, Press 1966,
Table 9—2), the effects of temperature will reduce this to Vp~
6.8 km s‘1 (Press 1966, Fig. 9—7 ; Christensen 1979). Also, gabbros
do not show sufficiently large shear wave velocities, e.g., Vs:
3.84 km 8‘1 (Press 1966, Table 9—4). Thus, having apparently dis-
qualified all suitable rocks that might exist in an anhydrous lower
crust, it is necessary to conclude that hydrous conditions prevail
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Fig. 4. Sketch map of Canada illustrating the zones of lower crustal layers, letters refer to investigations as reported in the text (see Table l)

in Type II lower crustal layers. Amphibolites, as suggested by
Ringwood (1975, p. 41) as the probable rock at the P—T conditions
of a hydrous lower crust, display the correct order of seismic
velocities (s7.18-7.22 km s‘l, Christensen 1965; V5:
4.03 km s“, Christensen 1966) but it is probably necessary to
infer a slightly seismically faster epidote amphibolite (Vp=?.6?—
7.75 km s“, Christensen 1965) due to the reduction in velocities
at temperatures of around 400—500D C (Christensen 1979). Unfor-
tunately, not many measurements of the electrical resistivity of
amphibolites at these P—T conditions have been made, but the
data of Volarovich and Parkhomenko (1976) illustrate that certain
amphibolites display the required resistivity of a few hundreds
of Qm at 500° C.

For the Type III lower crustal layer, Jordan and Frazer (1975),
van Zijl (1977'), and Connerney etal. (1980) all independently
suggested the effects of serpentinisation to explain their data. Jor—
dan and Frazer (1975) observe that a serpentinised peridotite has
the high Poisson’s ratio required, and van Zijl (1977) and Conner-
ney et al. (1980) both remark that serpentinised rocks diaplay the
appropriately low resistivities, of 10—50 9m, provided that the
water of hydration does not escape (Zablocki 1964; see van Zijl
19m.

An interpretation of the high conductivities observed in Ty-
pe III crusts in terms of electrolytic conduction is considered un-
tenable by Connerney et al. (1980) because investigations by
Richter and Simmons (1977) on Precambrian igneous rocks showed
that the majority of the original cracks were healed or sealed
by secondary minerals. However, the somewhat speculative models
presented by Dewey (1969a) and Ringwood (1975, p. 298—304)
for the development of a Benioff zone require, as a passive initial
state, a thick accumulation of sediments, the prime example of
which is the non-volcanic margin of the spreading Atlantic Ocean
(Drake et al. 1959). Assuming that the east coast of North America
represents such an initial state, and considering that there is much
support in the Appalachians for a progressive migration of defor—
mation and metamorphism towards the stable continental foreland
(Dewey 1969b), it is not inconceivable that the lower foreland
crust be fractured and fissured. If so, then electrolytic conduction
effects would become significant, which would explain the results
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of Connerney et al. (1980) for the Adirondacks, and also those
of Edwards and Greenhouse (1975), of a highly conducting lower
crustal layer, R=2 a, underlying the southern Appalachians.

An eigenparameter investigation by Edwards et al. (1980) of
the model presented by Blohm et al. (1977) revealed that the resis-
tivity and depth of the lower crustal conducting layer are not
independently estimated when geoelectric sounding data are in-
verted. The resolvable eigenparameter pertinent to this layer is
the layers depthsintegrated conductivity, i.e., thickness-conductiv-
ity product. Hence it may be possible that the data of van Zijl
(1977) and Blohm et al. (1977) are also consistent with a slightly
less conducting but thicker zone of Type II class. A similar possi-
bility cannot be suggested for the conducting zone delineated by
Connerney and Kuckes (1980) and Connerney etal. (1980) as
their controlled-source electromagnetic induction experiment in-
ferred a resistivity in the range R=12.5—25 Qm for this layer.
The conductance of this layer was defined by Horizontal Spatial
Gradient (HSG) data as being approximately 400 S (Connerney
and Kuckes 1980), hence inferring a thickness of 5—10 km. This
estimate is fully consistent with the 10 km thick LV,L delineated
by Jordan and Frazer (1975).

There is evidence from Jordan and Frazer (1975) that a Ty-
pe Ill crustal layer underlies a Type II layer. The data from Berry
and Fuchs (1972) and Kurtz and Garland (1976) imply that the
Type III layer pinches out to the north, leaving solely a Type 11
layer, and the work of Connerney et al. (1980) suggests the oppo-
site is true on going further southeast, i.e., that the Type II layer
pinches out and a Type III layer exists alone. For the Canadian
shield, a sketch map is shown in Fig. 4 illustrating the lower
crustal layers as classified in this paper. The illustration includes
the recent results of Green et al. (1980) with a layer of Vp=7.l—
7.2 km s‘1 underlying southeastern Churchill Province at a depth
of 36—45 km and those of Hall and Hajnal (1973) of a layer with
Vp=7.l 10.04 km s" 1. observed south of Lake Winnipeg.

It is apparent from Fig.4 that a Type 11 lower crustal layer
is an ”edge” phenomenon of the Canadian shield, where “edge”
means not the actual physical boundary of the shield, but a wide
zone encompassing the central core of the shield. This may be
evidence of a general feature of shield regions in that their centres
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Table 2. Classification system with values of the parameters inferred for the lower crustal layer and conditions and possible candidates forthe rock responsible

Classification Parameters Conditions and possible
rock types

Vp (km s”) V, (km s”) p (g cm‘3) a R (Qm)

Typel “Normal” 6.6 3.8 0.25 103—104 Anhydrous: Quartz DioriteType II “Intermediate” 6.8—+7.3 4.1 3.11 0.25 100—300 Hydrous: Amphibolite
Type III “Low” 6.8 3.4—3.7 3.1] >0.30 10—50 Hydrous: Serpentinite

have evolved into what is regarded as the final stage of develop-
ment of a continental plate (see, for example, Hyndman and Hynd-
man 1968) whilst their edges develop much more slowly due to
their tectonic juxtaposition to other environments. This is in agree-
ment with the classification that the “edge” of the Fennoscandian
shield, as inferred not only in northern Sweden (see above) but
also by Massé and Alexander’s (1974) reinterpretation of Sellevoll
and Warrick’s (1971) data revealing a lower crustal layer of be-
tween 21.8—42.2 km depth with Vp=7.17i0.05 km s‘1 for south-
ern Norway, displays a Type II lower crustal layer. Such an inter-
pretation of the information described by Fig. 4 leads naturally
to the suggestion that there may be a size criterion involved,
in that if a shield is below a certain size, it may never evolve
into the final stage, hence explaining the southeast African data.

It is possible that a different explanation is required for the
existence of the Type II lower crustal layer observed in northern
Scotland, as the temperature at the depth of the transition from
high to intermediate resistivities could be of the order of 500° C
(Hutton et al. 1980), leading to a hotter Moho boundary than
herein discussed. However, the tectonic equivalence of northern
Scotland and the Grenville Province of eastern Canada, i.e., both
zones belonged to the same continent before the closure of the
Early Paleozoic Iapetus Ocean, has been noted by many authors
(see, for example, Phillips et al. 1976; Jones and Hutton 1979;
Keen and Hyndman 1979; Williams 1979) and hence it is not
too surprising that they should display the same type of lower
crustal layer.

Conclusions

From this comparison of seismic and electric investigations over
various Precambrian regions of the world, it appears that the data
may be classified into three distinct groupings with regard to
their information content concerning the lower crustal layer. The
descriptive parameters of each of these three types are listed in
Table 2, together with possible conditions and rock types that dis-
play the required characteristics in the P—T environments involved.

The zoning of the Canadian shield region implies that the
Typel layer should be expected in the centre of large shields,
surrounded by a Type II layer. This suggests that there may be
some size criterion, in that if a shield is too small it does not
fully develop to a Typel crust, which may be regarded as the
end stage of a development process (Hyndman and Hyndman
1968)

The Type III lower crustal layer requires a more complete
explanation, especially in terms of the high values of conductivity
associated with it. The two observations reported here may be
local effects, in that both have radically differing explanations
(possible fracturing "due to the passive initial state of Benioff zone
development in eastern North America?), or may be global effects,
e.g., that the layer is another edge effect of a shield region.

It must be remarked that it is not expected that all Precambrian
lower crustal layers fall into one of the three general categories
detailed in Table 2. One seemingly notable exception to this classi-
fication is the East European Platform. Seismic models of this
platform include a lower crustal layer with Vp=6.8—7.2 km s‘1
(Bozhko and Starovoit 1969; Kosminskaya and Pavlenkova 1979;
Pavlenkova 1979; Patton 1980), hence defining it as Type II. How-
ever, magnetotelluric data (Kovtun and Chicherina 1969), particu-
larly the “generalised curve” for the region (Vanyan et a1. 1977),
imply a highly resistive crust, i.e., a Typel lower crustal layer.
This latter result is, in the opinion of the author, not totally
conclusive as it is based solely on apparent resistivity information,
whereas the magnetotelluric phase is far more discriminating be-
tween Types 1, II, and III.

Finally, this study has shown the decided advantages of under-
taking cooperative seismic and geomagnetic or geoelectric mea-
surements in the same area. Independent interpretations of the
data recorded may differ wildly, hence either, or both, may be
wildly wrong. This may be particularly true for seismic data from
shield regions because, as noted by Pavlenkova (1979), compres-
sional wave velocities of between 6.6—7.7 km s‘1 are not usually
observed in the first arrivals, hence implying that seismically Ty-
pe II layers are difficult to delineate. A good example of this
is Massé and Alexander’s (1974) reinterpretation of Sellevoll and
Warrick’s (1971) data from southern Norway. The initial model
had a lower crustal layer of Vp=6.51 km s‘1 (Sellevoll and War-
rick 1971), whereas a more sophisticated analysis gave a value
of Vp=7.17 km s‘ 1 (Massé and Alexander 1974). Joint interpreta-
tion of dual data sets, in the manner described in this work,
is likely to reduce drastically the number of possible likely candi-
dates for the lower crustal layer.
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Abstract. The usefulness of long-wavelength potential field
anomalies in lithospheric interpretation is greatly increased
with spherical earth modeling techniques. Gauss-Legendre
quadrature integration is used to calculate the anomalous po—
tential of gravity and magnetic fields and their spatial de-
rivatives on a spherical earth for an arbitrary body represented
by an equivalent point source distribution of gravity poles or
magnetic dipoles. The distribution of equivalent point sources
is determined directly from the coordinate limits of the source
volume. Variable integration limits for an arbitrarily shaped
body are derived from interpolation of points which approxi-
mate the body’s surface envelope. The versatility of the method
is enhanced by the ability to treat physical property variations
within the source volume and to consider variable magnetic
fields over the source and observation surface. A number of
examples verify and illustrate the capabilities of the technique,
including preliminary modeling of potential field signatures for
Mississippi embayment crustal structure at satellite elevations.

Key words: Spherical coordinate gravity modeling—Spherical
coordinate magnetic modeling—Equivalent sources—Gauss-
Legendre quadrature integration—Satellite potential fields
—Mississippi embayment

Introduction

Computation of theoretical anomalous gravity and magnetic
fields from geologic models is an important element in in-
terpreting potential field data and designing surveys. For re-
gional gravity and magnetic surveys measured in degrees of
latitude and longitude, procedures are desired which model
directly, in spherical coordinates, potential field anomalies due
to large-scale, arbitrarily shaped sources of variable density or
magnetization characteristics.

In a review of computer modeling techniques Bhattacharyya
(1978) presents methods that in principle are suitable for
spherical earth modeling of regional features. These procedures
are generally based on approximations of the anomalous
source as a group of prisms or polygonal laminae, the effects of
which are evaluated and summed at each observation point to
yield the total anomaly. However, for typical spherical earth
modeling applications, the book-keeping problem involved with
subdividing the large-scale source into simple forms to reflect
arbitrary characteristics of geometry and physical properties is
commonly formidable.

A simple and more efficient procedure is to represent

0340-062X/81/0049/0234/$01.80

quadratures of the source volume by equivalent point sources
according to the well known technique of Gaussian quadrature
integration. In principle, the appropriate geometric distribution
of equivalent point sources can be determined directly from the
coordinate limits of the source volume, so that an accurate
estimate of the source-affiliated anomaly is obtained by
evaluating and summing at each observation point the anomaly
values due to each point source of the equivalent source distri-
bution.

Gaussian quadrature is a time-honored technique for
numerical integration and has been well studied in the litera-
ture of numerical methods (Carnahan et al. 1969). Potential
field modeling by Gauss-Legendre quadrature was used by Ku
(1977) to evaluate gravity and magnetic anomalies in Cartesian
coordinates due to bodies of arbitrary shape and magnetic
polarization. In this discussion, the method is extended to
spherical coordinates and the general problem of sources with
arbitrary shape and variable density and magnetization proper-
t1es.

Description of Method

As illustrated in Fig. 1, it is convenient for gravity and mag-
netic modeling problems to consider the anomalous body as
being composed of a source volume distribution of gravity
point poles or magnetic point dipoles, respectively. Hence, to
estimate the anomalous gravity or magnetic field at some ob-
servation point, it is necessary to evaluate and sum the ano-
maly values due to each of these point sources at the obser-
vation point.

In particular, the radial anomaly, Ag, due to a gravity
point pole referred to a geocentric coordinate system as shown
in Fig. 1 is given by

A G
ô

(1)ÖR
A (1)= _ —— — — mg ôR R ar

where

G =universal gravitational constant (=6.67 ><10‘8 cm3/
(g 8602)),

R =distance from observation point (r, 0, 4)) to source point
(r/, 6/, Öl),

r, r’ =radial distances from earth’s center to the observation
point and source point, repectively,

9, 6’ =co-latitude coordinates of observation and source points,
respectively,
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Fig]. Gravity and magnetic anomaly modeling in spherical coor-
dinates of a geologic body with arbitrary shape and physical properties
by Gauss-Legendre quadrature integration (see text for details)

(b, ¢’=longitude coordinates of observation and source points,
respectively, and

Am =mass contrast of the point pole.

For a magnetic point dipole, on the other hand, the total
magnetic intensity anomaly, A T, is given by

AT={—u-V(u’-V’(Ë))}Aj (2)

where

V, V’=gradient operators in observation point and source point
coordinates, respectively,

Aj =magnetization contrast of the point dipole, and
u,u’=unit geomagnetic field vectors at the observation point

and source point, respectively.

Conventionally, the unit vectors u and u’ are expressed in terms
of geomagnetic field inclination (1,1’) and declination (D, D’).
Also, when the point dipole polarization is by induction
Aj=AkF’ (3)
where

Ak =magnetic susceptibility contrast of the point dipole, and
F’ =scalar geomagnetic field intensity at the source point.

Hence, in regional—scale applications of Eq. (2) geomagnetic
field models such as the IGRF-1965 (Cain et al. 1967) are
normally used to obtain pertinent values of (I’, D’, F’) at the
source point and (I, D) at the observation point.

Consideration of Eqs. (1) and (2) shows that the incremental
gravity and magnetic anomaly values due to a point source
located a distance R from the observation point can be general-
ized according to the relation

q(R) A x (4)
where

q(R)=the geometrical point source function which describes
the inverse distance between the observation point and
source point, and

Ax =the appropriate physical property contrast of the point
source.

Hence, to determine the total potential field anomaly it is
necessary to evaluate at each observation point (r, 9, (1)) the
volume integral given by

(1)5195) Vi;

l l l (610203W”,9’,¢’)Ax)dr’d6’d¢’ (5)
d’a ra[Ola

I

where the primed variables refer to the coordinates of the
anomalous body such that

(1);, (1);, =lower and upper longitude limits of the source volume,
021,63, =lower and upper co-latitude limits of the source vol-

ume, and
r}, =lower and upper radial limits of the source volume.

/
a97'

Consider, now, the numerical evaluation of the innermost
integral in Eq. (5). Most numerical integration techniques in-
volve the use of interpolation polynomials to approximate the
integrand according to a summation formula of the general
type given by

i (q<r')Ax>dr'= Z Aiqmx (6)
where the ni values A, are the weights to be given to the ni
functional values (q(r§)Ax) evaluated at the interpolation coor-
dinates, r}. Conventional integration formulae such as
Simpson’s rule Or the trapezoidal rule assume equal spacing of
the arguments r; which is generally appropriate when dealing
with an integrand that is not well known analytically. However,
as shown in Eqs. (1) and (2) the integrand being considered
here involves a familar analytic function which may be com-
puted for any argument to great precision. In such instances,
Gaussian quadrature formulae can be developed to yield selec-
ted values of interpolation r; and coefficients A,- so that the sum
in Eq. (6) gives the integral exactly when (q(r’)Ax) is a poly-
nomial of degree 2ni or less (Carnahan et al. 1969).

In general, it may be shown that the Gaussian coefficients
A, can be obtained from a polynomial of order ni which is
orthogonal over the interval of integration such that the ni
points of interpolation r; are the zeros of the polynomial.
Families of orthogonal polynomials which are commonly used
to develop Gaussian quadrature formulae include Legendre,
Laguerre, Chebyshev and Hermite polynomials. However, in
this discussion, only the prototype of the Gaussian method in-
volving Legendre polynomials is considered.

Legendre polynomials Ell-(7’) of order ni which are ortho-
gonal over the interval —1§f’§1 are given by

1
) (dm (72—1)"i), where 190(F')=1 (7)En"): (2— w
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Accordingly, the standard Gauss-Legendre quadrature over the
interval (— 1, 1) is given by

ni

5 (q(F’) Ax)d17':z
l:

I‘ll-(1(7) Ax (8)

where the interpolation points F; at which the integrand is
evaluated are the zeros of Eq. (7) and the Gaussian coefficients
are

2 1—".21411:1142
nlz{R1i—1(F’i)}

Now for arbitrary limits of integration such as indicated in
Eq. (6) it is necessary to map the standard interval ——1.§F1.§ 1
into the interval of integration r1§r1§r1 according to the
transformation

(9)

720‘; - r2) + (r; + r2.)’._—_ O2 (1 )
Accordingly, the integral in Eq. (6) can be approximated as

j (q(r/)Ax) dl":
(r_r___bral)

j.
(q {ri(rb_ra);(rb+ra)} AX)

dr/
ra —1

_(_2_rb—ra"‘)Z ALLq(r)Ax (11)
l=

Extending this procedure to volume integrals is straightfor-
ward. Thus, the Gauss-Legendre formula for the general eva-
luation of Eq. (5) is given by
m0511, , ,

l 1 l (q(r'‚6’‚d>’)Ax)dr'd6'd<z>' 2 ((1%M"Z {({L—w—91“)42;, (it;1 r; 2 , k=1 L 2
nj I _ I

x
j;1{(rib2ria)

#:22010396j:¢k)Ax)Aij}A}Ak (12)

where

rê=0-5 {7102b—22)+r2b+r’ia}
=0.5{ä;.(9;.—„6;)+9J”+9}

<15}. = 0.5 {$L(¢kb - cbka) + cbkb + dm}
F}, J,<1),c=coordinates of the subdivision in the limits of in-

tegration from —1 to 1 which correspond to zero
nodes of Eq. (7),

Ai, AJ, AL=Gauss-Legendre quadrature coefficients given by Eq.
(9),

(bLL, qb =lower and upper longitude limits of the body for the
k-th longitude component of the equivalent point
source coordinates,

911,611, :lower and upper co--latitude limits of the body for
the j-t—h co--latitude component of the equivalent
point source coordinates, and

rLL‚rLb =lower and upper radial limits of the body for the
i—th radial component of the equivalent point source
coordinates.

The quadrature formula given in Eq. (12) shows that gravity
and magnetic anomalies can be computed accurately by sum-
ming at each observation point the anomalous effect of nk x nj
xni equivalent point sources located at source point coor-
dinates (rL‚0’J,qSL)‚ where each of the differential point source
anomalies is appropriately weighted by Gauss-Legendre
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quadrature coefficients and the volume coordinate limits of the
anomalous body being modeled. This result is well suited to
machine computation where the input consists principally of
values of the integrand for selected source points (r1, 6L‚d>L)‚
affiliated subdivision coordinates (r’ri, 0L‚d>L)‚ and coefficients
(AL,AJ.‚AL), and the volume coordinate limits of the body for
each dimension of every source point coordinate (r1, 61., qöL).

The selected values of the integrand for gravity or magnetic
modeling purposes are readily obtained from Eqs. (1) or (2),
respectively. Also, the Legendre subdivision coordinates of the
interval (—1,1) and associated Gaussian coefficients may be
computed directly from Eqs. (7) and (9), respectively. However,
it is generally found to be more machine efficient to input these
values from tables using an algorithm such as described by
Carnahan et a1. (1969). Values which are applicable for such
algorithms are tabulated to 30 digit precision for orders n=2—
512 by Stroud and Secrest (1966). However, for most regional
lithospheric modeling applications experience suggests that sub-
division coordinates and associated coefficients to 10 digit pre-
cision for orders up to n= 16 are normally sufficient.

For a uniformly dimensioned body such as a prism, the
integration limits for the evaluation of Eq. (12) are easy to
specify. In this case, for example,(q51a,¢1,b)=(¢1,,¢1,),(91.1,,6j’b)
=(61,, 61,) and (rLL‚ r1b)=(r1,, r1). However, for the more general
case of a body with arbitrary shape the integration limits are
known in one dimension only, so that the problem of determin-
ing the integration limits in the remaining two dimensions for
each equivalent point source coordinate must be considered.

Procedures can be developed to handle this problem ef-
ficiently, such as the method described by Ku (1977) where a
modified cubic spline function is used to interpolate the desired
integration limits from a set of body point coordinates which
provide a rough approximation of the surface envelope of the
body. Typically, the procedure is to specify, for example, the
longitudinal limits of integration of the body to obtain the nk
Gauss-Legendre nodes 4);, as described above. Interpolations of
the body point coordinates are performed next to determine
the maximum and minimum latitude coordinates of the body
for each longitude coordinate qSL. These values of course pro-
vide the latitude limits of integration for evaluating the nj
nodes 61.. Similarly, the radial coordinates of the body points
are interpolated at each horizontal coordinate (dJL, 61-) to yield
appropriate radial limits of integration from which the ni nodes
r1 can be determined. Procedures such as this are readily adap—
ted for efficient machine processing so that the integration
limits of arbitrarily shaped bodies can be determined accurately
for evaluation of the quadrature formula given in Eq. (12).

The quadrature formula in general has considerable versa-
tility in modeling applications because anomalous gravity and
magnetic potentials and their respective spatial derivatives of
any order are all linearly related. Hence, to model the radial
derivative of the potential field anomaly due to an arbitrary
source, for example, it is necessary simply to exchange q(R) for
ôq(R)/ôr in Eq. (12). Additional geophysically interesting quan-
tities which can be modeled from simple linear transformations
of the integrand of Eq. (12) include the anomalous potential,
vector anomaly components and the spatial derivatives of any
order. Relative geoidal anomalies can also be modeled by
computing the anomalous gravitational potential of the body at
the surface of the earth and dividing it by normal gravity
according to Brun’s formula (Heiskanen and Moritz 1967).

Bodies with variable physical property contrast are also
accommodated readily by the quadrature solution. To emphas-
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ize the fact that Ax can be espressed as a function of source
position (i.e., Ax=Ax(r’, 6’, (15’)) when necessary, the generalized
point source anomaly (q(R)A x) has been carried intact
throughout the foregoing developments. Conventional model-
ing procedures normally assume bodies with uniform physical
properties so that each property variation must be modeled as
a separate body. To model the total intensity magnetic anom-
aly due to a regional source subject to regional variations of
geomagnetic field induction by the well known method of
Talwani (1965), for example, requires that the source be sub-
divided into blocks wherein the geomagnetic field polarization
is uniform. Each block in turn must be subdivided into a group
of approximating polygonal laminae to ensure accuracy of the
numerical integration which evaluates the anomaly. By con-
trast, the Gauss-Legendre quadrature approach is simply to
polarize each point dipole in the quadrature formula according
to the polarization characteristics of an acceptable numerical
model of the geomagnetic field (e.g., the IGRF-1965 by Cain
et a1. 1967'). This example also illustrates the technique for
modeling bodies with remanent magnetization by quadrature
formulation. Here, the magnetization of the point dipoles is
achieved using a polarization field that represents the vector
sum of induced and remanent magnetic polarizations.

Finally, considerable computational flexibility is available
for the practical implementation of the quadrature formulation.
Ku (197?) noted the trade-offs which occur in applications of
the method between efficient computation and the accuracy of
the solution. A large number of Gauss-Legendre nodes ensures
a very accurate quadrature solution, although the same degree
of accuracy can often be achieved by a substantially smaller
number of equivalent point sources. In fact, the accuracy of the
solution remains essentially unchanged for different numbers of
nodes as long as the node spacing is smaller than the distance
to the observation point. Hence, the minimum number of no-
des specified in a given application should be such that the
distance to the observation point is greater than the node
spacing. In general, then, the accuracy of the quadrature for-
mulation can be readily controlled by adjusting the number of
Gauss-Legendre nodes relative to the elevation of the obser-
vation point.
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Illustration of Method

A computer program is described in von Frese et a1. (1980)
which was deve10ped for regional lithospheric gravity and mag-
netic modeling applications by Gauss-Legendre quadrature.
The program was used to construct examples that illustrate
some of the capabilities of the method.

To demonstrate and verify the method for regional-scale
modeling applications, gravity and magnetic anomalies due to
a three-dimensional spherical prism were modeled on a spatial
scale small enough that the results could be compared readily
with conventional modeling techniques in Cartesian coor—
dinates. In Fig. 2, for example, a comparison is made between
the two coordinate systems for calculations of gravity anomalies
due to a 6.67 km thick prism with density contrast 0.25 g/cm3. The
observation grid consists of (16,16) stations uniformly spanning
the region (273—274) °E, (40—-41) °N at an elevation (Z) of 6.6? km
above the top of the prism.

The well known method of Talwani and Ewing (1960) was
used to calculate the gravity effect of the prismatic model as
shown in Fig. 2A. The gravity anomaly was determined by
evaluating and summing at each observation point the gravity
anomalies due to 11 horizontal polygonal laminae used to
approximate the prism. As shown in Fig. 2A, the resultant
anomaly has an amplitude range (AR) between 36.0 mgal and
0.3 mgal and an amplitude mean (AM) of 5.4 mgal. The anomaly
was computed and contoured in Cartesian coordinates assum-
ing 1°=100 km. This assumption distorts slightly the true geo-
metry of a spherical prism in this 1° >< 1° region in northwes-
tern Indiana where 1° in longitude or latitude is more nearly
equal to 88 km or 112 km, respectively.

In Fig. 2B the gravity anomaly of the spherical prism com-
puted by Gauss—Legendre quadrature integration is contoured
on a stereographic equal-area polar (SEAP) projection. In this
case, the gravity anomaly was calculated in spherical coor-
dinates by evaluating at each observation point an alt xnj x ni
=8 X8 X22128 point quadrature formula where the inte-
gration limits were specified directly from the spherical coor-
dinate limits of the prism volume. The results shown in Fig. 2
indicate that the two methods agree very well with respect to
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the relatively small spatial scale under consideration. The slight
disparity between the results is probably due to geometric
distortion introduced by the use of Cartesian coordinates for
calculation of the spherical prism anomaly.

A comparison of magnetic anomaly fields is illustrated in
Fig. 3 for the prism model with volume magnetic susceptibility
contrast equal to 0.0005 emu/cm3 (4n x0.0005 in SI units) and
uniform polarizing intensity F’=60,000 gamma (60,000 nT),in—
clination I'=T5° and declination D’=0°. Over the observation
grid, uniform geomagnetic field attitude characteristics of in—
clination I=î5° and declination D=0° are also assumed. The
total intensity magnetic anomaly of the spherical prism calcu-
lated in Cartesian coordinates according to the method of
Talwani (1965) is shown in Fig. 3A. The resultant anomaly
corresponds well with the magnetic anomaly calculated in
spherical coordinates by Gauss-Legendre quadrature in Fig. 3B.

As a more regional-scale example, consider the application
of Gauss-Legendre quadrature integration for modeling gravity
and magnetic anomaly signatures, at the satellite elevation of
450 km, due to the crustal thickness anomaly which is gridded
in Fig. 4A. This zone of enhanced crustal thickness, extending
from the Texas panhandle northeastward into Kansas, is por-
trayed by seismic evidence (Warren and Healy 1973) as roughly
10km of lighter crustal material displacing denser (mantle)
material to a depth of 50 km. To illustrate the gravity modeling
procedure, a density contrast of "—0.3 g/cm3 was assumed for
this feature.

Magnetic considerations, on the other hand, suggest that
the crustal thickness anomaly may represent a zone of positive
magnetization contrast due to downward deflection of the Cu-
rie isotherm in the region of thick. cooler crustal material or
thicker magnetic crust extending into non-magnetic mantle
material. For the purposes of this example, a volume suscepti-
bility contrast of 10”2 emu/cm3 was assumed for the zone of
enhanced crustal thickness which is representative of the gener-
al magnetization reported for the lower crust (Hall 1974; Shuey
et a1. 1973).

To determine the variable limits of integration for the eval-
uation of the quadrature formula, the crustal thickness anom-
aly was referred to the body point grid shown in Fig. 4A. For
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each Gauss-Legendre node in the (ff-longitude coordinates of
the body, the 0’-latitude limits of the body were interpolated
from the 6 points describing the body’s boundary. The radial
limits, in turn, were interpolated from the 6 boundary points
and 3 interior points of the body for each Gauss-Legendre
node with horizontal (gb’, 6")-coordinates. For the particular mod-
el considered here, of course, the radial coordinates of the 9 body
points used to approximate the subsurface configuration of the
body were specified to represent a uniform thickness of 10 km.

The resultant gravity anomaly at 450 km elevation due to
this feature is illustrated in Fig. 4B. The gravity effect was
calculated by evaluating an nk >< nj x ni: 16 x 16 x 2:512 point
Gauss—Legendre quadrature formula over the (41, 41) grid of
observations. The magnetic effect of the crustal thickness anom-
aly was also computed in this manner at 450 km elevation.
The resultant total intensity magnetic anomaly in the IGRF-
1965 updated to 1968 is demonstrated in Fig. 5A. T0 remove
anomaly distortion due to regional variability of the reference
field, the magnetic effect was next computed, assuming a uniform
polarizing field intensity of 60,000 gamma and radial geomag—
netic field inclination at both source and observation points.
Accordingly, Fig. SB illustrates the resultant magnetic anomaly
field reduced to radial polarization at 450 km elevation for the
crustal thickness model.

Finally, for accurate implementation of the method the
distance between the equivalent source points and the obser-
vation point must be greater than the equivalent source point
spacing within the body. This limitation can be minimized in
practice by either subdividing the body into an appropriate
number of smaller bodies, or increasing the number of equiva-
lent point sources, or increasing the distance between the ob-
servation point and the body. The latter consideration suggests
that the Gauss-Legendre quadrature formulation is especially
well suited for modeling satellite-level gravity and magnetic
anomalies because of the large elevations involved with these
measurements. The gravity and magnetic anomaly signatures of
the crustal thickness model, for example, can be computed
using an nk><nj><ni=4><4x2=32 point quadrature formula
to nearly the same precision as developed by the 512 point
formula in Fig. 4B and 5, respectively.
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Application of Method

The Spherical earth modeling procedure was used to obtain a
preliminary view of the gravity and magnetic anomaly charac-
teristics for the Mississippi embayment at 450km elevation.
This information is pertinent to evaluating, for example, the
feasibility of using satellite gravity and magnetic surveys for
detecting anomaly signatures due to failed rifts.

The Mississippi embayment represents a broad, spoon-
shaped re—entrant of Mesozoic and Cenozoic sedimentary rocks
which extends into the Paleozoic terrain of the North Amer-
ican craton from the south as outlined by the shaded contour
of Fig. 6D. The axis of this feature roughly parallels the Mis-
sissippi River tapering northward into the tectonically active
region of the New Madrid seismic zone. An integrated analysis
of gravity, seismic, stratigraphic and petrologic data by Ervin
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and McGinnis (1975) suggests the embayment is a late Pre-
cambrian aulacogen which was reactivated most recently in the
late Cretaceous by tensional forces initiated during the for-
mation of the present Atlantic ocean basin by subsidence of the
Gulf coastal plain.

Figure 6A is a cross-section of the density structure of the
Mississippi embayment given by Ervin and McGinnis (1975)
along a profile between Yellville, Arkansas and Scottsboro,
Alabama (hereafter called Y—S profile). This density model was
synthesized from regional gravity data derived from the U.S.
Bouguer gravity anomaly map of Woollard and Joesting (1964)
and the results of a reversed seismic refraction profile between
Little Rock, Arkansas and Cape Girardeau, Missouri as de-
scribed by McCamy and Meyer (1966). Austin and Keller
(1979) integrated the work of McCamy and Meyer (1966) with
an analysis of Rayleigh wave dispersion along a prepagation
path between Oxford, Mississippi and Florissant, Missouri to
obtain a similar density model for the Y—S profile which is
illustrated in Fig. 6B. An index map for locating these various
studies is given in Fig. 6D. In general, the crustal cross-sections
shown in Fig. 6A, B support the failed-rift model for the origin
of the Mississippi embayment.

The agreement of surface wave, seismic refraction, and grav-
ity data in the region of the embayment suggests that the
crustal cross-section given in Fig. 6B can be useful for deveIOp—
ing a reasonably valid three-dimensional model of the embay—
ment. Accordingly, the crustal cross-section that was genera—
lized from Fig. 6B for the purposes of this study is given as the
four-body model shown in Fig. 6C. The gravity analysis due to
Cordell (1977) was used to project the characteristics of this
generalized crustal cross-section north and south of the Y—S
profile.
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Cordell (1977) corrected the smoothed positive Bouguer
anomaly of the embayment for the low—density sediments and
observed the long continuous positive anomaly with an ampli-
tude of 15—45 mgal increasing southward illustrated in Fig. 6D.
The axis of this anomaly closely follows the Mississippi River
northward beyond its confluence with the Ohio River into southern
Illinois. The anomaly exhibits relatively uniform behavior south of
the Y—S profile until about 33° N where it increases sharply, thus
suggesting that the crustal cross—section may be uniformly pro-
jected southward along the Mississippi River to approximately
33°N. To the north, decreasing gravity anomaly values in
conjunction with the northward tapering surface configuration
of the embayment suggest a commensurate northward tapering
projection of the crustal cross-section along the Mississippi
River into southern Illinois. Hence, to obtain the first-order,
three-dimensional generalization of the crustal structure of the
embayment used in this investigation, the crustal cross-section
of Fig. 6C was projected uniformly south of the Y—S profile
and tapered uniformly northward as outlined in Fig. 6D. The
northern ends of the four bodies of this generalized model as
projected onto the cross-section along the Y—S profile are
given by the shaded regions of Fig. 6C.

To compute the potential field anomalies at 450 km ele-
vation, each of the four bodies of this generalized model was
represented by a Gauss-Legendre quadrature formula consist-
ing of 128 equivalent point sources. The latitude and longitude
limits of each body were represented by 8 point sources and
the radial limits by 2 point sources. Pertinent body volume
limits were interpolated from a set of body points that sampled
the coordinates of the surface envelope for each body. The
quadrature formulae were next evaluated and summed over a
(21, l3) observation grid Spanning the region (260—280) CE, (33—
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45) ”N and compared to observed gravity and magnetic ano-
maly data at 450 km elevation.

Upward continuation of free-air gravity anomaly values
from the surface of the earth to an elevation of 450 km by
equivalent point source inversion for the study area leads to
the results shown in Fig. 7A. These data exhibit a pronounced
relative positive anomaly with slightly greater than 3 mgal of
relative amplitude in the region of the embayment. The gravity
effect of the generalized four—body model described above is
shown in Fig. ”MS as roughly a 4mgal anomaly. The general
agreement between the modeled and observed data over the
embayment suggests that the observed gravity anomaly can be
reasonably well accounted for at 450 km elevation by the gen-
eralized four-body model.

Polar Orbiting Geophysical Observatory (POGO) satellite
magnetometer observations reduced to radial polarization using
a normalization amplitude of 60,000 gamma by equivalent point
source inversion are given for the study area in Fig. 7C. These
data show a prominent east-west magnetic high that is breached
in the vicinity of the embayment by a magnetic low. To give
better resolution of the characteristics of the magnetic anomaly
for the embayment region, the radially polarized data were high-
pass filtered for anomaly wavelengths smaller than about 10°. The
high-pass filtered data are illustrated in Fig. 7D and show a neg-
ative anomaly of roughly —3 gamma over the embayment.

Wasilewski et a1. (1979) found that most analyses of me-
dium to long-wavelength magnetic anomalies suggest that sour-
ces are probably contained in the lower crust which, in gener-
al, may be substantially more magnetic than the upper crust.
The conditions for coherent regional magnetization are en-
hanced as crustal depth increases. Remanence and thermal

overprints are diminished, and viscous magnetization and ini-
tial susceptibility are enhanced with increasing tempera-
ture especially within 100°—150°C of the Curie point. The
thickness of the crust within this thermal regime may be 5~
20 km depending on the steepness of the geothermal gradient.
Accordingly, they suggest that deep crustal magnetic sources
are probably related to lateral variations of petrologic factors
or Curie isotherm topography.

Accordingly, an obvious deep crustal source for the ob!
served magnetic anomaly is body =H=2 (Fig. 6C) which also re-
presents the major gravity source of the embayment model. Austin
and Keller (1979) propose that the combination of bodies #1 and
#2 was formed as a manifestation of a mantle upwarp beneath
the embayment comprising of a mixture of crust and-upper
mantle material which subsequently cooled to form a block of
high density material. Magnetic hypotheses which are con-
sistent with this view include body =H=2 as a zone of negative
magnetization contrast with respect to the lower crust due to
depletion of magnetic minerals. Negative magnetization for
body =H=2 also can result from temperatures which exceed the
Curie point, although present heat flow data (Sass et a1. 1976)
do not appear to warrant this hypothesis for the embayment.

Body #3 may represent an additional magnetic source for
the embayment assuming crustal magnetization increases with
depth. However, the positive magnetic contribution of body
#3 will be relatively weak if the Curie isotherm depth is about
40 km or more. Arguments for including bodies =H=l and =H=4 in
a magnetic model of the embayment appear to be lacking, so
that body #2 probably represents the primary source for the
observed magnetic anomaly data if the Curie isotherm is at
about 40 km of depth in the region of the embayment.
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Hence, the magnetic anomaly due to body #2 was calculat-
ed in Fig. 7E using a magnetization contrast of —2.4
x10‘3emu/cm3. These results show that the anomaly ampli-
tude observed for the region of the embayment at 450 km
elevation can be matched well by a source such as body #2
located near the base of the crust with magnetic properties
which correspond with the magnetization characteristics anti-
cipated for the lower crust. Substantial disparity is apparent,
however, when the spatial characteristics of the observed and
modeled magnetic anomalies are compared. Further refine-
ments of the magnetic model are necessary and will be particu-
larly warrented when data are available from the current Mag-
sat program (Langel 1979) to verify and further upgrade the
POGO satellite magnetic anomalies for lithospheric appli-
cations. Accordingly, body =H=2 as determined by gravity
modeling considerations represents only a preliminary magnetic
model for the embayment.

Conclusions

Regional gravity and magnetic anomaly modeling for arbitrari-
ly shaped lithospheric sources with variable physical properties
can be achieved accurately and efficiently in spherical coor-
dinates using Gauss-Legendre quadrature integration. The pro-
cedure involves representation of the anomalous source as a
distribution of equivalent point gravity poles or point magnetic
dipoles which contribute incremental anomaly values evaluated
and summed at each observation point to obtain the total
anomaly. The distribution of equivalent point sources is de-
termined directly from the volume limits of the anomalous
body. For an arbitrarily shaped body, the variable limits of
integration can be obtained from interpolations performed on a
set of body points which approximate the surface envelope of
the anomalous source.

A chief practical advantage of the method is its consider-
able versatility. The physical properties of the equivalent point
sources, for example, can be individually varied to reflect physi-
cal property variations of the body being modeled. The method
can also be readily extended to model the geoidal anomaly,
vector components, and spatial derivatives to any order of the
body’s anomalous gravitational and magnetic potentials. Fi-
nally, the accuracy of the method can be controlled by adjust-
ing the number of equivalent point sources or the distance
between the source and observation point. In this regard, the
method is particularly well suited for satellite gravity and mag-
netic anomaly modeling because the efficiency and accuracy of
the application increases with increasing distance between
source and observation points.

In consideration of the foregoing results, it is concluded
that Gauss-Legendre quadrature integration facilitates a power-
ful and efficient approach to spherical earth modeling of re—
gional-scale lithospheric gravity and magnetic anomaly sources.
Accordingly, the method has widespread application in the
analysis and design of regional-scale gravity and magnetic sur-
veys for lithospheric investigation.
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In recent years, the need for improved seismic risk evaluations
in Sweden has led to accurate estimates of detection probabilities
with respect to weak Swedish earthquakes. Generally, these rather
low-magnitude events (ML<4) are recorded only by means of
the Swedish Seismograph Station Network (SSSN), currently con-
sisting of six permanent stations. Only occasionally do neighbour-
ing Finnish and/or Norwegian stations also contribute with arriv—
al-time readings. Hence, for weak regional events, we lack the
usual reference system of organisations like ISC, NEIS or EMSC
when estimating the detection performance of the SSSN-stations.
The problem has recently been studied and a solution suggested
by Shapira et al. (1979a), to be referred to as Paper I. In short,
their method, which is based upon a modification of the approach
of Ringdal (1975), enables the estimation of threshold magnitudes
for weak events monitored exclusively by regional networks.

The main objective of the present short communication is to
indicate the ability of the SSSN to detect earthquakes in Sweden
and the relative detection contributions from individual network
stations. The data used comprise 121 earthquakes located within
Sweden and adjacent waters (Wahlström 1978). The statistical
model used and other theoretical aspects of the modified approach
are discussed in greater detail in Paper I and are not repeated
here.

When applying the modified approach, the detectability is re-
lated to the epicentral distance rather than to a certain seismic
region. To introduce the distance dependence, all available earth-
quakes are relocated to a common epicentral distance. It is as-
sumed that recorded amplitudes and periods are not influenced
by performing the distance and corresponding magnitude conver-
sion. Employment of the distance transformation enables calcula-
tions of magnitudes for fictitious events located at a number of
chosen epicentral distances. For more details, the reader is referred
to Paper I and to Shapira et al. (1979 b).

The decision “detected” or “not detected” is based upon
the conserved amplitude and period values linked with the Sg—
phase. Thus, when the actual earthquake is detected by station
A, then it is assumed that all relocated events associated with
this actual earthquake, are also detected. The percentage of detec—
tions, for each magnitude, is fitted to the detection curve P(MR)
which yields estimates of biased threshold magnitudes bis. Cor-
rected threshold magnitudes 5219+ CA and their variance s2 =s2 —
pi] are to be used when comparing the detecting power of stations
within the network. CA is station magnitude bias and pi is magni-
tude variance.

The modified approach has been applied to each of the six
SSSN-stations. Events were relocated to a common epicentral dis-
tance of 500 km. A fit to the detection curve and estimates of
b and 5, associated with 50% probability, are presented in Fig. 1
Numerical values of [3 and s, corresponding to 50% probabilities,
are also given in Fig. 1. Considering 90% detection levels, station
UDD contributes to the detecting power more than any other
station of the SSSN. The second best station is SKA, although
its operational magnification is the lowest among the six stations.

Fig. l. Matched detection curves, P(MR) (solid
lines), and observed detection probabilities (solid

b=2.1
6=2.2

s=0.3
§=0.1

1PRO'BABILI'IT'Y

OF

DIETE'CTION
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35 4530 40

circles) for the six stations considered (UPP=
Uppsala, KIRzKiruna, SKA =Skalstugan,
UME= Umeâ, UDD= Uddeholm, DEL=Delary)
and for epicentral distance of 500 km. Biased and
corrected threshold magnitudes and corresponding
variances, associated with 50% probabilities, are

REFERENCE MAGNITUDE given for each station
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Fig. 2. Locations of the six permanent seismograph stations of the current
SSSN (open circles). Loci of constant threshold magnitudes 5: 1.5 and
522.0 (thin circies) with respect to the SSSN and 90% detection level.
Open triangles show three suggested new recording sites

In Fig. 2, 90% probability contours corresponding to 5:1.5 and
5:2.0 are displayed. It follows from the figure, that Swedish
earthquakes of magnitude 2.0 or larger will be detected by at
least one station of the current SSSN. To increase the detection
capability, say, to a threshold magnitude of 1.5, we may suggest
three additional stations, as shown in Fig. 2. The three new record-
ing sites are suggested with regard to the known seismicity of
Sweden.

Our main conclusions may be summarized as follows: (l) The
applicability of the well-known direct estimation method has been
extended to weak earthquakes recorded solely by regional seismo-
graph networks. (2) Swedish earthquakes of magnitude ML:2.0
or larger are detected with 90% probability by at least one station
of the current SSSN.
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Introduction

Controlled VLF-wave injection into the magnetosphere has
been used in the Siple experiment (Antarctica, L=4) since 1973
(Helliwell 1977); similar capability also exists in the high-lati-
tude ionospheric heating experiments (L~6) run by the Mur-
mansk Polar Geophysical Institute and the Max-Planck-In-
stitut fur Aeronomie, through modulation of the polar elec—
trojet (Stubbe and Kopka 1977), and might possibly be im-
plemented in an early space shuttle mission or on a satellite.
We here draw attention to the potentialities offered by an
adequate variation of the frequency and amplitude of the co-
herent, injected radio signal. They include selective modifi-
cations of the energetic electron distribution along a given
magnetic field line, testing of nonlinear (wave-particle) interac-
tion theories and enhancement, at lower power levels, of mag-
netospheric phenomena associated with wave injection. The
modulation of the injected frequency extends the cyclotron
resonance interval in the inhomogeneous magnetosphere,
whereas the eventual need for amplitude modulation is suggest-
ed by a stability analysis of the trapped electron motion in the
whistler field.

Modification of the energy of radiation-belt electrons
through their gyro-resonance with artificial whistlers of modu-
lated frequency was suggested twenty years ago as an alter-
native to high-altitude (e.g., Argus) nuclear detonations (Hel-
liwell and Bell 1960). The idea was then to vary the frequency
of the circularly polarized whistler in order to compensate for
the change of mass experienced by relativistic cyclotron re-
sonant electrons. This ‘geocyclotron’ was, however, not im-
plemented; the feasibility study concluded that the information
required to make a reliable prediction was not available at the
time (Bell 1964).

Stability of Interaction

In contrast to the original geocyclotron mechanism whereby
the electrons stayed in the vicinity of the equatorial plane and
the change in the wave frequency compensated for the relativis-
tic effects, we now propose to program the wave frequency so
that energetic electrons moving towards the transmitter ex-
perience continuous cyclotron resonance with the wave in a
way which maximizes the modification of the electrons energy
and pitch angle.
* Present address: Centro de Electrodinämica, Instituto Superior Téc-

nico, P-1096 Lisboa Codex, Portugal

The interaction between ducted CW parallel whistler mode
waves and counter-streaming cyclotron resonant electrons (v1,
1)”) might induce phase trapping (Dysthe 1971; Gendrin 1975).
The evolution for the angle 1//=ang(——Bw,vL), with sgntp
=sgn(Ew,vi), is identical to the pendulum equation having a
steady forcing term resulting from the inhomogeneity of the
medium. This forcing term, which causes the equilibrium po-
sition {/10 of a trapped particle to be non-zero, increases as the
particle moves away from the equator and detrapping even-
tually occurs. It should be stressed that a non-zero 1110 implies
that even a deeply trapped (weakly oscillating) particle has a
non-zero electrical force acting on it. Thus the energy, E, and
the equatorial pitch angle, ore, increase (decrease) when sin #10 is
negative (positive). Although the inhomogeneity limits the effec-
tive interaction time, resonances involving CW whistlers are
responsible for a wide variety of magnetospheric phenomena;
extension of the interaction time would be expected to enhance
these effects.

Variation of the whistler frequency a) originates a new for-
cing term in the pendulum equation proportional to a). Ade-
quate choice of the wave frequency can then lead to a constant
equilibrium angle, l/IO, and hence to a steady unidirectional
transfer of energy between the particle and the wave. We have
found, for a given 1/10, the appropriate w to be

kvi
(

U do) kv2 do) ‚'= __ 1
_H_> ]

__£__|| __P_ 2co {[2wc+ +2VG 1)” dz cop dz œNL 8m W0

U CO1 H
_c_) 1(+2VG co ° ()

where VG is the cyclotron resonant parallel velocity, toe/21c the
gyrofrequency defined by the geomagnetic field aligned with
the z-axis, cop/27: the plasma frequency, and com/27: the bounce
frequency of deeply trapped electrons in the CW, homogeneous
medium case.

Clearly, particle trapping has to be stable if the expected
interaction enhancement is to occur. In this respect, we first
note that direct analysis of the pendulum equation shows small
deviations from 1110 to be unstable when cos ¢0<0g elsewhere,
in the stable domain |1//0|<1t/2, deeply trapped electrons have
harmonic motion with angular frequency to“ (cos l/IO)1/2. The
long term stability of the trapped orbits can be assessed by
following the evolution of a generalized trapping parameter. In
the CW homogeneous case, the trapping parameter (5:112 char-
acterizes the resonant trajectories (Dysthe 1971): the separatrix
(i=1) divides the phase plane into trapped (0<£<1) and un-
trapped (€>1) domains. For the general interaction, noting
that our oscillating system is Hamiltonian with slowly (on the
scale of l/coNL) varying parameters, and adopting the genera-
lized trapping parameter used by Dysthe and Gudmestad
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(1977) in the study of trapping by Langmuir waves, we can
establish that ëœNL is an invariant of the interaction. Since œËL
is proportional to the whistler amplitude, trapping stability
(non-increasing ë) can prevail, even for particles initially not
very deeply trapped, by appropriate amplitude modulation of
the injected wave, thus preventing too large a decrease of œNL
and a corresponding increase of ë above unity.

Results and Discussion

Figuresl and 2 show typical results obtained from the simul-
taneous solution of the average (deeply trapped, w~tb0) elec-
tron motion equations and Eq.(1). The electrons initiate the
interaction at the equator, or at 10°N latitude, with vH*=VG,
as defined by the initial wave frequency a)*, and v1*
=v||*tan oc*. Having computed the locally required whistler
frequency a)(z, t), the desirable format of the ground transmitter
spectrogram is determined by the propagation times of the
various wavepackets from (z,t) to the emitter site. Occurrence
of mirroring (vII ~0), entrance into the loss cone (oce<5.5°), or
un-ducting (w/wc>0.5) halted the computation. We adopted a
diffuse equilibrium model for the thermal magnetospheric plas-
ma, with the parameters used by Bernhardt (1979). Frequency
modulated wavetrains of 10 my (duct) amplitude, propagating
from south to north along L=4, with (transmitter) durations
ranging from ~400 ms to ~800 ms are able, either to more
than triple initial equatorial pitch angles of oce.=10° (interac—
tions with I//0<O), or to push into the loss cone resonant
electrons with oce...=20° (interactions with l//0>0); except for the
deeply trapped particles, interactions with l//0>0 would require
a stabilizing wave amplitude modulation. Although the occur-
rence of Aoce+0 implies 21E 4:0, the change of the electron
energy (E ~2keV) in these examples is well below 20 0/0; the
slope of the variation of the average 0:6 with position,

2 _1/2
%=—a%(vz+%v„)sinl/IO (Sic—5%) , vz=vî+vfi

is almost constant here, and the interaction might induce a
sizable alteration in the pitch angle distribution (and hence, in
the whistler stability through the ‘temperature’ anisotropy).
The sharpness of the cyclotron resonance (roughlyi2wNL/k in
v”) imposes stringent limits on the accuracy of the magneto-
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Fig. 2. Formats of the ground transmitter spectrogram required to
achieve continuous cyclotron resonance for the cases contemplated in
Fig. 1

spheric parameters used in the calculation of the appropriate
frequency variation, curtailing the generalized implementation
of the proposed mechanism. However, analysis of resonances
occurring under favorable conditions (small interaction regions
near the equatorial plane with large ldoce/dzl) suggests that use
of data from whistler ground stations and in situ satellite
measurements might overcome this difficulty in the plasma-
sphere.

An appropriate choice of the transmitter spectrogram for-
mat (possibly utilizing sequences of variable frequency pulses)
permits selection within generous bounds of the location of the
interaction region, and the type of selective modifications to be
introduced in a given domain of the energetic electron distribu-
tion. This flexibility is welcome in the research of waves and
wave-particle interactions in the magnetosphere (Gendrin
1975), and is a recommendation for the use of the technique in
the near future since, in contrast to the situation faced twenty
years ago, the expensive components of the required experi-
mental setups are now (or will soon become) installed.
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A Short History on the Naming of the Discipline Geophysics

Abstract. During the first half of the 19th century the established
geography was represented by Carl Ritter. The geography was
treated in a manner which evoked Fröbel’s sharp criticism. He
called for a pure geography treating the earth as an indivisible
whole, not subdivided into countless parts, the countries of which
each was considered as an individuum by Carl Ritter. Julius Fröbel
(1834) planned a theoretical geography and he called its physical
part “Geophysik”. During the following four decades the name
“Geophysik” was used scarcely. After the seventieth of the last
century, however, the name “Geophysik” became more popular.
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Der Anreiz zu abenteuerlichen Seefahrten in unbekannte Gewässer
ging etwa Mitte des 17. Jahrhunderts mehr und mehr verloren.
Fast alle Küsten der Kontinente waren den seefahrenden Nationen
bekannt. Spektakuläre Neuentdeckungen von Ländern konnten
nicht mehr erwartet werden. Die Zeit war reif für eine Umorientie-
rung in der Zielsetzung von Entdeckungsfahrten. Politische
Aspekte wurden zugunsten wissenschaftlicher Aufgabenstellungen
hintenan gestellt, und den wissenschaftlichen Entdeckungsreisen
wurde der Weg geebnet. Dies war aber nur möglich, weil in der
Zwischenzeit die Stiftungen gelehrter Körperschaften die Basis
sowohl in organisatorischer wie auch in finanzieller Hinsicht dafür
schufen. 1645 wurde die Royal Society in London gegründet, 1652
die Kaiserliche Leopoldinisch-Carolinische Akademie, 1666 die
französische, um nur einige der ersten Stiftungen zu nennen. Viel-
leicht 200 Jahre lang währte die Zeit der großen wissenschaftlichen
Entdeckungsreisen in alle Gegenden der Welt.

Bis Anfang des 19. Jahrhunderts hatte sich reichlich Beobach-
tungsmaterial auch auf dem Gebiete der Geographie angesammelt,
und die Gelehrten machten sich nun daran, darüber nachzuden-
ken, wie man die Einzeldarstellungen zusammenfasse und ordne.
Die Geographie wurde im wesentlichen historisch—politisch be-
trachtet, so daß eine Erdbeschreibung bei dieser Betrachtungsweise
nur recht kurze Zeit Gültigkeit haben konnte. Die häufigen Grenz-
verschiebungen zwangen eine „neueste Erdbeschreibung“ nach der
anderen zu verfassen, die bestimmt in manchen Fällen schon bei
ihrer Erscheinung veraltet war.

Es war nun ein Verdienst Carl Ritters, daß er alle geogra-
phischen Tatsachen unter die leitende Idee der Kultur im weitesten

Sinne stellte. Diese anthropozentrische Behandlung der geogra-
phischen Elemente war von der damals vorherrschenden roman-
tischen Naturphilosophie vorgezeichnet. Jedoch gaben Carl Rit-
ters Antipathie gegen klare Definition von Begriffen und seine
unklare Trennung wissenschaftlicher Aufgaben Julius Fröbel
(1831) Anlaß genug, eine scharfe Kritik zu formulieren. Julius
Fröbel, der 1805 in Griesheim/Thüringen geboren wurde, studierte
in jener Zeit in Jena, und mit Vorliebe beschäftigte er sich mit
methodologischen Fragen der Geographie. Nach Fröbels Ansicht
wurde die Geographie völlig unwissenschaftlich dargestellt wegen
der Zergliederung der Erdoberfläche in individualistische Teile,
den einzelnen Ländern. Fröbel wollte die Erde als Ganzes betrach-
tet wissen, als ein Individuum im Raume. Sichtlich beeinfiußt
von Kant, gab Fröbel seiner Geographie die leitende Idee, alle
Elemente der reinen Erdkunde auf das Erdganze zu beziehen,
sowohl für einen beschreibenden Teil wie auch für einen theore—
tischen. Die so geschaffene theoretische Erdkunde soll das Zusam-
menwirken aller tellurischen Erscheinungen zum Gesamtorganis-
mus der Erde erklären. Diese umfassende theoretische Lehre von
der Erde nennt Fröbel (1834) auch Geophysik. Die Geophysik
ist Teil einer allgemeinen Theorie der Erde, die nach Fröbel die
Aufgabe hat, erstens die allgemeinen physikalischen und chemi-
schen Prozesse daraufhin zu erforschen, wie sie im Gesamtleben
der Erde zusammenwirken und zweitens die Gesetze des tellu—
rischen Ineinandergreifens aufzuklären.

Obwohl die Ziele unserer heutigen allgemeinen Geophysik
schon vor nahezu 150 Jahren im wesentlichen vorgezeichnet wur-
den, konnte sich zu jener Zeit die Geophysik nicht als Fachdiszi-
plin konstituieren, jedoch der Name blieb gegeben. Ein wesent—
licher Grund war sicherlich, daß Fröbel gar kein Geophysiker
war. Er war Professor für Mineralogie an der Universität Zürich
und Lehrer für Geographie an der Oberen Industrieschule in Zü-
rich. Seine methodologischen Arbeiten zur Geographie beendete
er noch in den dreißiger Jahren des vorigen Jahrhunderts, und
seinem zunehmenden Interesse am öffentlichen Leben zufolge
wurde er schließlich als Publizist und Politiker bekannt. Er ver-
brachte nach einem wechselvollen Leben seine letzten Jahre bis
zu seinem Tode 1893 in Zürich.

Die Diskussion um die Methodik der Erdkunde hat trotzdem
Früchte getragen. Obwohl der Name Geophysik in der Folgezeit
nur selten im Schrifttum auftaucht (Kertz 1979), z.B., in Meyer’s
Großem Conversationslexikon, Band 12 (1848) und bei Mühry
(1858, 1863), gerät er nicht gänzlich in Vergessenheit, sondern
wird von den siebziger Jahren des vorigen Jahrhunderts an allmäh-
lich zu Allgemeingut (z.B. v. Richthofen 1877; Wagner 1878;
Zöppritz 1881; Günther 1884).
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Daß die geographische Methodik Carl Ritters seit Fröbels
Kritik immer wieder Gegenstand von Diskussionen war, lag, wie
Fröbel aufzeigte, in der Schwäche des Systems; daß aber keine
Änderung möglich war, lag an der Stärke von Carl Ritters Autori-
tät. Erst etwa 35 Jahre nach Fröbels Angriff kritisierte Oscar
Peschel erneut die Rittersche Geographie (in: Wagner, 1878).
Die Kritik Peschels zeigt deutlich kompromißbereite Züge. Pe-
schel fordert nicht wie Fröbel die rigorose Beseitigung aller teleolo-
gischen Aspekte, und im Gegensatz zu Fröbel wendet Peschel
sein System auch an. Dem Fröbelschen System konnten Ritter
und seine Anhänger noch triumphierend entgegnen (Ritter 1831),
daß diese „Theorie der Konstruktion, die ohne Anwendung ein
Luftgebilde bleibt, nur zu leicht wieder in Vergessenheit versinkt“,
was auch geschah.

Die Vermehrung geophysikalischer Erkenntnisse in jener Zeit,
hauptsächlich auf den Gebieten der Schwerkraft und Figur der
Erde, ihrer Dichte, des Erdmagnetismus und der Geothermie, führ-
ten zu ihrer Abspaltung von der mathematischen und physika-
lischen Geographie. Die Geographen selbst beschäftigten sich
kaum oder gar nicht mit diesen Fachgebieten, sondern benutzten
die von Astronomen, Mathematikern und Physikern erarbeiteten
Ergebnisse schon längst als einführende Grundlagen in ihre Diszi-
plin.

Eine so allumfassende Fachdisziplin, die alle tellurischen Er-
scheinungen in sich vereinigt, eine so allgemeine Geographie wie
Fröbel sie plante, war gar nicht realisierbar. Der Stoff war schon
damals viel zu umfangreich, und die Betrachtungsweisen waren
viel zu unterschiedlich. Es gingen schon bald aus der physika-
lischen Geographie beispielsweise folgende Fachdisziplinen her-
vor: die Geologie, die die festen Teile der Erdoberfläche be-
schreibt, die Hydrographie, die die Verteilung des Wassers be-
schreibt, die Meteorologie, die die Lufthülle der Erde beschreibt,
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und auch die Geophysik, der physikalische Teil einer naturwissen-
schaftlichen Erdkunde, wie Fröbel sie plante.
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High Precision Measurement of the Frequency of Mode „So
W. Zürn,1 L. Knopoff,2 and PA. Rydelek2
1 Geowissensehaftliches Gemeinschaftsobservatorium, Universitäten Karlsruhe/Stuttgart, Heubach 206, D-7620 Wolfach,
Federal Republic of Germany
2 Institute of Geophysics and Planetary Physics, University of California at Los Angeles, Los Angeles,
California 90024, USA

We are very grateful to Dr. Michael Shimshoni for pointing out
a small numerical error (<1 s.d.) in the paper by Zürn et al.
(1980). The corrected frequency of mode oSo is:

f(OSO) 22.932827 cph i 11 ppm.

The new value is in agreement at the 1 s.d. level with the frequency
reported by Riedesel et al. (1980).
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