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Original Investigations

Magnetotelluric Investigation of the Lower Crust
and Upper Mantle Beneath Iceland

M. Beblo1 and A. Björnsson2
1 Institut fur Allgemeine und Angewandte Geophysik, Universität München,
Theresienstraße 41, D-8000 München 2, Federal Republic of Germany
2 National Energy Authority, Laugavegur 116, Reykjavik, Iceland

Abstract. Magnetotelluric measurements were made at 12 sites on a 210 km
long profile in northern and eastern Iceland. The profile crosses areas of
different geological age ranging from Tertiary flood basalt to the presently
active zone of rifting and volcanism.

Beneath the investigated area, at a depth of a few km down to about
20 km there exists a 5 km thick layer with low resistivity amounting to 15 firm
which is imbedded between layers of higher resistivities. The depth to the
low resistivity layer increases with increasing distance from the spreading
axis. -

The low resistivity layer is presumably caused by partial melting at the
base of the crust and at the top of the anomalous mantle beneath Iceland.
Comparison with laboratory measurements confirms a basaltic composition
and a temperature of 1,000—1,100°C of the good conductor, and probably
partially molten peridotite in the upper mantle beneath.

Mean temperature gradients in the crust calculated from the magnetotel-
luric data are in good agreement to surface temperature gradients measured
in drill holes.

Key words: Magnetotellurics — Iceland — Electrical structure — Low
resistivity layer — Temperature gradient — Partial melting.

1. Introduction

During the summer 1977 a magnetotelluric (MT) field program was performed
in north-eastern Iceland.

The purpose of this experiment was to investigate vertical and lateral
variations of the electrical resistivity in the lower crust and upper mantle
beneath Iceland.

Among the physical properties of the earth’s interior, which can be measured
on the surface, the electrical resistivity is the parameter most sensitive to

0340-062X/78/0045/0001/$03.20
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porosity and fluid content in the upper crust. It also correlates well with
temperature and chemical composition in the lower crust and mantle. Hence, in
measuring in some detail the resistivity distribution, it is possible to investigate
crustal thickness and crustal structure. Magnetotelluric measurements could
further give valuable informations on the temperature, composition and dimen-
sion of the mantle beneath Iceland. Therefore some of the questions concerning
processes on the oceanic ridge system like plate accretion may be answered.

2. Geological Setting

Iceland is one of the few land areas, and certainly the largest one, situated on the
Mid-Atlantic-Ridge system. The Mid-Atlantic Ridge, which is considered an
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Neovolconic zone you ngar than 0.7 my.
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Fig. l. A simplified geoIOgical map of north—eastern Iceland as redrawn from Saemundsson [19?4).
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short period {155—1 h) magnetotelluric sites. Only the stations provided with initial letters of site-
names are discussed in the present paper
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accreting plate boundary of the European and American plates crosses Iceland
from south-west to north-east. The surface manifestation of the ridge on land is
a tectonically active zone of recent rifting and volcanism, the so called neovol-
canic zone. On bOth sides of the neovolcanic zone there are strips of Quaternary
flood basalts followed by Tertiary flood basalts in western and eastern Iceland (see
Fig. 1). K/Ar age determinations indicate increasing ages with increasing distance
from the active zone (Palmason and Saemundsson, 1974).

The main features of the geology of north-eastern Iceland have been mapped
by Saemundsson (1974). According to his interpretation the neovolcanic zone is
characterized by large swarms of north-south trending faults and fissures. The
individual swarms are only 5—10 km wide, but several tens of kilometers long.
Most of them pass through central volcanos where volcanic activity and high-
temperature geothermal fields are concentrated (see Fig. 1).

To the north the neovolcanic zone runs into a complex zone of fractures, the
so called Tjornes fracture zone, which has an east-west direction and joins the
ridge system north of Iceland.

Rifting and volcanic activity within the neovolcanic zone in Iceland is
mostly confined to the fissure swarms and the associated central volcanos.
Major rifting activity is episodic rather than continuous occuring in episodes of
a few years with intervals of 100—150 years of quiescence (Björnsson et al., 1977).

3. Previous Geophysical Research in Iceland

A seismic refraction survey of the Icelandic crust was performed by Palmason
(1971). According to his interpretation the upper crust of Iceland consists of a
surface layer and two layers of Tertiary flood basalt. These layers are underlain
everywhere in the island by a layer with a mean P-Wave velocity of 6.5 km/s
(called layer 3) which is considered to correspond to the oceanic layer 3. This
layer is nowhere exposed at the surface and the depth to its upper boundary is
usually 3—5 km. In the upper mantle underneath layer 3 there is a layer with a P-
wave velocity of 7.2 km/s (layer 4). The depth to layer 4 is 8—10 km in the south-
west and around 14km in south-eastern Iceland. No values are available for
northern and north-eastern Iceland. If layer 4 is interpreted as the upper mantle
it has an anomalously low velocity. This has been explained by a small amount
of partial melting. The temperature in this layer should therefore be around
1,0000 C, which is in good agreement with values obtained from linear extrapo-
lation of temperature gradients in drill holes which range from 40° C/km in the
eastern flood basalt zone to 160° C/km in south-western Iceland (Palmason,
1973)

The measurements of the time-varying magnetic field were initiated in
Iceland by Garland and Ward (1965) and by Hermance and Garland (1968a).
They found low resistivities of the order of 10 to 20 Qm at several sites below a
depth of 30 km, which they suggested might be caused by partial melting. They
further assumed that the low resitivity layer underlays the entire island rather
than just the neovolcanic zone. Magnetotelluric measurements made by Her—
mance and Garland (1968b) in the northern part of the neovolcanic zone gave
similar results for that area.
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In further work Hermance and Grillot (1970), Hermance et al. (1972) and
Hermance (1973) performed magnetotelluric measurements in order to in-
vestigate the electrical structure both of the lower crust and the upper mantle.
All these measurements were confined to the neovolcanic zone with special
emphasis to its south-western part. Between approximately 2 and 15km depth
they found a conductive layer with a resistivity between 10 and 20 Qm. Below 10—
15 km, at the top of the mantle, the resistivity increases to 40—100 Qm and shows
little variation down to at least 100 km. Hermance (1973) believes that ground
water has a considerable effect on the resistivity at depths down to 8—10 km, but
below 10km electronic conduction becomes dominant. Correlating the MT-
results with the conductivity of basalt (lower crust) and peridotite (upper mantle)
at high temperatures Hermance and Grillot (1974) estimated the temperature at
the crust—mantle boundary to be 800—1,200° C. They further estimated the
temperature gradient to be about 1° C/km between 15 and 100 km depth.

In further magnetotelluric and geoelectric works in Iceland Hermance et a1.
(1975), Thayer (1975), and Björnsson (1976) have extended the previous work
from within the neovolcanic zone to the older Quaternary and Tertiary flood
basalt areas. The aim was to investigate lateral differences in the electrical
resistivity of the crust and upper mantle and also to obtain more detailed
information on the vertical resistivity distribution, especially around thermal
areas. On a regional scale the most significant result of this research is that the
resistivity in the upper part of layer 3 at 3—5 km depth is much lower (10—20 Qm)
within the neovolcanic zone than beneath the Quaternary and Tertiary areas
(300—1,000 Qm).

The resistivity below a few tens of km in the mantle beneath Iceland seems
to be uniform as reported in previous work. Among these findings there are also
indications of differences in the resistivity of the lower crust inside and outside
the neovolcanic zone but no detailed information was achieved on that matter.

4. Field Program, Measuring Sites

There were several reasons for performing the magnetotelluric experiment in
northern and eastern Iceland:

(1) We intended to determine the temperature in the crust and upper mantle,
especially its variations across and along the neovolcanic zone. This can be
achieved by the magnetotelluric method since there exists a correlation between
temperature and resistivity.

(2) In the part of the country under consideration there is only one
neovolcanic zone (running north-south) and the older geological formations
seem to be similar and symmetric on both sides of this zone. This means that
one could expect a two—dimensional distribution of the electrical conductivity
under the area which makes the analysis of MT-measurements on an east-west
profile perpendicular to the geological strike much more simple than in the
three-dimensional case.

(3) Further more, we planned to investigate possible resistivity changes along
the neovolcanic zone from north to south in this area, caused by a proposed
mantle plume under the zone in central Iceland (Saedmundsson, 1974).
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(4) Long period MT-measurements have never before been made simul-
taneously at different sites in that part of the country.

(5) Some of the MT-sites were identical with measuring sites of an extensive
seismic project (Reykjanes-Ridge—Iceland Seismic Project (RRISP)). The seismic
measurements have been carried out in cooperation of Icelandic, German and
Soviet geophysical institutions in July 1977. A joint interpretation of the
experimental results probably will reduce the number of possible models of the
Icelandic crust and upper mantle.

(6) In order to be able to quantitatively consider the influence of the non-
uniform inducing magnetic field during night time the profile was orientated
approximately perpendicular to the main direction of flow of the polar elec-
trojet.

The major part of the magnetotelluric experiment was done along a 210 km
long east—west profile of 12 MT-stations ranging from the Tertiary flood basalt
area in the west across the neovolcanic zone to the Tertiary flood basalt area in
eastern Iceland. At 6 base-sites on this profile the natural variations of the
magnetic and electric field were recorded simultaneously and permanently for 8
weeks (triangles in Fig. 1). The instruments we used were Askania magneto—
graphs for recording the time-variations of the magnetic field, and electrographs
(Beblo, 1972) for recording the electric field. The observed period range was
3003 to 12h.

At all the base-sites, at 6 additional sites on the east-west profile, and at 7
sites on a north-south profile along the neovolcanic zone, MT-measurements
were made in the period range 15 s—lh (filled dots in Fig. 1). A mobile MT-
equipment was used consisting of electrograph, fluxgate magnetometer and tape
recorder.

i

The measuring sites, especially the base-sites were installed in geologically
homogeneous areas, in order to avoid local distortions of the electric field
caused by inhomogeneities of surface resistivities (Beblo, 1974).

In the present paper first results of the magnetotelluric short period measure-
ments (15 s—1 h) on the east-west profile are being presented.

5. The Magnetotelluric Method, Principles of Data Analysis

The electrical resistivity and its distribution within the earth’s interior can be
determined by observing time-varying magnetic U?)- and electric (E) fields at the
surface. The depth penetration of the electromagnetic field into the earth
depends on the resistivity distribution and the period (T) of the variation.
According to the skin-effect, variations of shorter periods (T< 1,000 3) penetrate
only into the uppermost layers (crustal depth). Longer period variations yield
informations on the resistivity at greater depth (upper mantle).

5.1 . The Impedance Tensor

For the determination of the resistivity-depth-distribution the observed time
functions E(t) and B(t) are Fourier-transformed into functions of frequency. The
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horizontal and orthogonal components of the electric (Ei, Ej)- and magnetic (Bi,
Bj) fields, which are measured at the surface, are combined by a complex
transfer function, the impendance tensor z=(z,.j). The elements of z depend on
the resistivity distribution and the orientation of the measuring coordinate
system.

(E1)
=

(211 212). (B1)E2 221 Z 22 Bz

SI-units: E in V/m, E in nT, T in 8.
Two parameters, the apparent resistivity pa(T) and the phase difference between
the electric and magnetic field (p(T) are calculated as functions of period from
the impedance tensor.

Interpretation of MT-data in the general three—dimensional case is ma-
thematically complicated and not practicable at the present stage.

In a two-dimensional resistivity distribution the diagonal elements of the
impedance tensor disappear if the'measured coordinates are parallel or perpen-
dicular to the strike direction of the resistivity anomaly, and there remain the
two elements

_E|l
ZII—B—

.L

El

Zl—E.

From these complex functions two different values are obtained for the apparent
resistivity Pa and two for the phase difference (p:

HOT
pa” =

27C lzul2
E-polarization

€011 =arg(z„)

T
pal :H_20n_ lzilz

B-polarization
90i = — arg(zi)

p in Qm, go in degrees.
In the case of an one-dimensional resistivity distribution, i.e., if the resistivity
varies only with depth, the two values for the apparent resistivity and the two
values for the phase become identical.

As Iceland is regularly situated below the polar electrojet the inducing
magnetic field may be inhomogeneous. In that case pa and q) depend both on the
period T as well as on the spatial dimension, often called wavelength L, of the
inducing magnetic field (pa(L, T), go(L, T)).

Haak (1978) has made some model calculations to estimate the influence of
inhomogeneous source fields on MT-measurements. He found that deviation
from the homogeneous case can be neglected for a penetration depth shallower
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than the wavelength L. The half—width of the polar electrojet was estimated by
Hermance and Garland (1968a) to be about 480 km. This means that the
inhomogeneity of the source field in Iceland can be neglected for a penetration
depth of less than approximately 100 km. Our present results are calculated from
variations with periods shorter than 1h. Such variations penetrate up to 100 km
into the earth. Therefore we neglect effects from inhomogeneous inducing
magnetic fields.

Near strong lateral changes in surface resistivity the electromagnetic field is
changed considerably. This is for example the case near the ocean shore (ocean
effect). It is well known, that for horizontal distances exceeding one or two skin-
depths from the boundary the ocean effect can be neglected. Referred to the
200m depth contour all our MT-stations are further inland by more than this
critical distance which justifies our neglection of the ocean effect. Analysing
MT-data from south-western Iceland Thayer (1975) arrived at a similar con-
clusion.

5.2. Polarization and Preference Direction of the Electric Field

The endpoints of the horizontal field-vectors E and B approximately move
along an ellipse during one oscillation period T. The direction of the major axis
of the ellipse is called the polarization direction, and the ratio of the major axis
to the minor defines the intensity of polarization.

Direction and intensity of polarization of the magnetic source field usually
change with time as well as with the period. Direction and intensity of
polarization of the induced electric field depend on the magnetic source field but
they are also a function of lateral variations of the electric resistivity in the
underground near to the measuring site.

If the magnetic source field is randomly polarized and if there exists a
preference direction of the polarization of the electric field, the preference
direction depends mainly on the resistivity distribution near to the measuring
site. If the resistivity distribution in the underground is two-dimensional it is
possible to determine the preference direction of the electric field directly from
the impedance tensor. For a constant magnetic field polarization direction ocB
the tensor-element 221 shows a maximum for a certain electric field polarization
direction ocE. The angle 0c where this tensor-element and therefore the electric
field direction depends least on the direction of the magnetic field is identical to
the preference direction (Kiessling, 1970, published by Haak (1978)). Determin-
ing the angle 0c of the preference direction simultaneously the absolute values
of the diagonal elements of the impedance tensor were calculated. The ratio of
these elements |221/212| is a measure of the inhomogeneity of the electrical
resistivity at the corresponding measuring site.

5.3. Model- Calculations

It is well known (Berdichevsky and Dmitriev, 1976) that the B-polarization
depends much more on near-surface lateral resistivity variations than on re-
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sistivity anomalies at greater depth. In constrast to that case, the E-polarization
(pan and (pH) is far less affected by local near-surface anomalies and contains
more information on the resistivity distribution at greater depth.

Because of the continuity of the electric field component parallel to a lateral
resistivity contrast, the pan-values for the E—polarization are similar to the pa-
values for a plane layered earth. The difference between the E-polarization for a
two-dimensional resistivity distribution and a one-dimensional case is small if
the lateral resistivity gradient is small. From Fig. 2 it is evident that this is the
case on our MT-profile in north Iceland. Therefore we have used the pau- and
(pH-values of the E-polarization (not the B-polarization) to calculate one-
dimensional models of the resistivity distribution with depth at each of the MT-
statlons.

6. The Magnetotelluric Results

6.1. Preference Direction of the Electric Field

At all the MT-sites along the east-west profile we have calculated the preference
direction of the electrical field (ocEO) using the method of Kiessling (1970). An
investigation of the inducing magnetic field showed that no dominating pre-
ference direction of its polarization exists in the observed period range.

Figure 2 shows the distribution of the preference direction (0950) along the
profile for the period range of 15 to 300 s. The length of the lines is proportional
to the ratio of the tensor elements |221/212|_1 and is a measure of the intensity
of polarization (The lines should be reduced to points for a plane layered or
homogeneous earth).

Within the Quaternary flood basalt zone and the neovolcanic zone the short
lines indicate small horizontal variations of the resistivity. Strong horizontal
variations of resistivity exist at the measuring sites within the Tertiary flood
basalt zones. This means that the surface resistivity within the Tertiary flood
basalts must be an order of magnitude greater than within the Quaternary and
neovolcanic zones. This result is in good agreement with some resistivity
(dipole—dipole) measurements made in the area, which show resistivities of the
order of hundreds of Qm at 1—4 km depth in the Tertiary zones, but resistivities
well below 100 Qm in the Quaternary and neovolcanic zones.

The preference direction within the Tertiary zones may be caused by the
resistivity distribution of the underground but also by the topography near to
the measuring sites.

6.2. Apparent Resistivities and Phase Differences

The impedance tensor has been calculated for all 12 sites on the EW-profil as a
function of the angle of rotation. Herefrom we may infer that within the
neovolcanic zone and the Quaternary flood basalt zone the tensor has the shape
as for a one-dimensional resistivity distribution, whereas within the Tertiary
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Fig. 2. Preference direction (lines) at each magnetotelluric site of the induced electrical field for the
period range 15—300 s. The length of the lines indicates the intensity of polarization and is a measure
of the inhomogeneity of the surface resistivity distribution at the sites

flood basalts we see a clear influence from lateral resistivity variations on the
impedance tensor. Also from the distribution of the preference direction we
may infer an approximately two-dimensional structure of the resistivity, coincid-
ing obviously with the main geological features. Therefore we can discern the
fundamental cases of E— and B—polarization.

Figure 3 shows the calculated values for the apparent resistivities and the
phase differences for all the 12 sites. separately for E- and B-polarization. The
phase differences are shown for the E-polarization only. The B—polarization (that
means the component of the electric field perpendicular to the strike direction of
the neovolcanic zone) demonstrates clearly strong horizontal resistivity va-
riations. The apparent resistivity changes abruptly at the boundary of the
Tertiary zones. The lower resistivity in the center regions can be seen as a
trough bordered by higher values.

The E-polarization shows the component parallel to the boundary of the
neovolcanic zone. The apparent resistivities for this case change continuously at
the boundary.

The pflu-values at the site Hofteigur (HOF) are elevated by a factor 2 or 3
compared to the sites on both sides. It is known (Berktold et al., 1976) that the
pig-values may be shifted by local near—surface resistivity anomalies to higher or
lower values. The measuring site HOF is situated directly in a highly flexured
zone near the border of the Tertiary and Quaternary zones (see Fig. l) which
might cause such an effect. A similar but not as significant shift is observed at
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Fig. 3. Apparent resistivities for E-polarization pa“, B-polarization pal, and phase difference for E—
polarization go” along the whole east-west MT-profile. The values for pal are deplated in the center
part of the profile whereas the values for pa" and go” show similar behaviour across the profile

the sites Laxardalsheidi (LAX) and Saenautavatn (SAE), with pa-values too
high, or too low respectively, compared to adjacent sites.

In order to discern the fundamental cases of E- and B-polarization, we have
additionally to consider the continuous or discontinuous behaviour of the
apparent resistivities as a major discriminating factor. In AKU these directions
seem to be exchanged, possibly caused by local topographic influence.

6.3. Model- Calculations

Because of the weak horizontal variations of the resistivity distribution within
the Quaternary and neovolcanic zones we conclude that it is permitted to
calculate one-dimensional models (plane layered earth) for the resistivity distri-
bution at the MT-sites.
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Fig. 4. To the left measured apparent resistivities p“ and phases q)" as a function of period T at the
site SKJ (Skjoldolfsstadir). The vertical lines are mean square deviations. To the right: a three-layer
model with confidence levels computed by the mean square deviation of the measured values. The
heavy lines through the measured values are theoretical curves calculated from the model

For calculating the models we used an inversion method given by Schmucker
(1974). In all cases a good fit between the measured and calculated resistivities
and phases was obtained for three-layer models. Models consisting of more
than three layers did not show considerable improvement in the analyzed
period range.

Figure 4 shows the measured values of resistivities and phases at the site
Skjoldolfsstadir (SKJ), compared to the calculated curves and the corresponding
three-layer model.

The absolute resistivity values in each layer obtained by the model calcu-
lations are different from site to site along the profile (see Fig. 5). This is
probably caused by near-surface local anomalies which either tend to increase
or decrease the resistivity values as a whole in all the measured period range. To
a lesser extent this effect also affects the depth determinations. In spite of this
uncertainty caused by resistivity variations at the surface the computed models
are very similar at all MT-sites, showing only three distinct layers except the site
AUS.

At approximately 8—15km depth the mean resistivity is rather high, 50—
100 firm. The second layer is only about 5km thick and has a low resisitivity of
lO—ZOQm. The third layer has a resisitivity of SO—IOOQm down to at least
100 km depth.

The most significant result of this model calculations is the good conducting
layer, which appears beneath all the sites on the profile. The depth to the
upper boundary of this layer increases with increasing distance from the
neovolcanic zone. The depth is 13—14km near the boundaries of the neovolcanic
zone but 18—-20 km in the Tertiary region. At the site Austaribrekka (AUS), the
only MT-station within the center part of the active zone, the well conducting
layer approaches the surface even by 1—2 km. This is clearly shown in Fig. 5.

The greatest deviation of computed phase values from measured values is
observed for the longest periods (see Fig. 4). The measured phases increase with
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increasing period. This behaviour indicates the existence of an additional low
resistivity layer at great depth. From model calculations with four layers we
have estimated the depth to this layer to be in the range of 200—300 km. This
deep low resistivity layer can not be seen in the apparent resistivity. For that
purpose the largest analysed periods of 1 h are too short. We hope to be able to
delineate this deep low resistivity layer in a later stage having analysed the MT-
data with periods up to approximately 12h.

7. Discussion

In the MT-results the Quaternary and neovolcanic zones are clearly seen as an
anomaly with lower electric resistivity than the Tertiary areas on both sides.
This is evident both from the preference direction of the induced electric field as
well as from the lowered apparent resistivity curves for the B-polarization in the
central part of the measured profile. This behaviour must result from a zone of
low resistivity underlaying the Quaternary and neovolcanic zones at shallow
depth in the upper crust. probably 2—5 km. As the shortest measured periods in
the MT-experiment were about 15 s the minimal skin-depth is by far too large to
obtain detailed informations on this near—surface low resistivity zone. The MT—
results Show this low resistivity zone only as a marginal effect caused by its
influence on the electric field. This result is supported by dipole-dipole measure-
ments. At depths between 2—5 km the bulk rock resistivity is mainly controlled
by ionic conduction in the pore fluid and hence by the porosity of the rocks.
According to Saemundsson (1974) the Tertiary lava pile in north-eastern Iceland
may be up to 4 million years older than the adjoining Quaternary and
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neovolcanic zones. Saemundsson has further found (personal communication),
that the Quaternary lava pile contents much more sedimentary layers and is less
alterated than the Tertiary lava pile. This could cause an abrupt change in
porosity and hence in resistivity at the boundaries of the Tertiary and Quater—
nary flood basalt zones in this part of the country. An increase in porosity from
1 to 3 (Z, would decrease the resistivity by one order of magnitude (Bjornsson,
1976). It is noticable that no significant lateral change in resistivity is observed
at the boundaries of the Quaternary and neovolcanic zones which indicates
that no major change in porosity or temperature occurs at this geological
contact.

The most significant result of the present MT-experiment is the existence of
the low resistivity layer which can be traced along the whole east-west profile at
a depth of 10—22 km, increasing in depth with increasing distance from the
center of the neovolcanic zone. Only at the site AUS, which is located within the
active part of the neovolcanic zone this layer approaches the surface with a
minimum depth of 1—2 km.

The low resistivity layer is very likely somehow correlated to the crust-
mantle boundary. The increasing depth with increasing distance from the
spreading axis can be explained by a thickening of the crust with increasing
age. Beneath Iceland Zverev et a1. (1978) have found that focal depths of
earthquakes increase from a few km down to 20—30 km on a 80 km long
profile starting near our MT-site AUS running to the north—west. The depth
to the base of the crust i.e.. the interface of the seismic layers 3 and 4 is
not known in northern and eastern Iceland. In south-eastern Iceland this
interface is at a depth of around 14km, and in the south-west it is at about
10km (Palmason, 1971). These depths are comparable with the depth de-
termined by the MT—method, so it is very likely that the low resistivity layer
characterises the crust-mantle interface beneath Iceland. If this conclusion is
true, the magnetotelluric method can be used in a simple and time saving way to
map in detail the lower boundary of the crust in Iceland.

The mean resistivity of the good conductor is about 15 Qm. At shallower
depth in the crust ionic conduction in pore fluids is dominating. Therefore, the
good conducting layer within the active part of the neovolcanic zone at the site
AUS, probably consists of several zones of different conductivity mechanism at
different depths. The measured period range of 15 s—1 h is not adequate to obtain
any detailed informations on the resistivity distribution at 0—5 km depth beneath
the site AUS and hence the nature of this part of the low resistivity layer will
not be discussed further in this paper.

At a depth below 10 km ionic conduction in pore fluids very probably plays
a minor role, compared to electronic conduction in the solid rock itself or to
conduction in a partial melt. It should therefore be possible to put some
constraints on the temperature conditions and material composition at this
depth by comparing the measured resistivity values to laboratory measurements
of conductivity of different rocks at high temperatures and pressures.

A great number of workers have made laboratory measurements on electri-
cal conductivity as a function of temperature and pressure for different crustal
and upper mantle materials (see, for example, Parkhomenko (1967), Khitarov et



|00000022||

14 M. Beblo and A. Björnsson

AKU MÖR FRE LAX AUS GR! MÖD SAE SKJ HOF EGI SEY
ii lift 1 i ii i ü i i lib i

E _i
9100— o E -

I
4—- \

"U
E.. i o .3 I
3 50b

T
O

ä

.—

E i
+9 r

t.

O J I l I l J l I I I l l l l I l I I l l l l l l

100 50 0 50 100 150
West Distance from spreading axis km East

Fig. 6. Temperature gradient as a function of distance from the spreading axis in north—eastern
Iceland. The vertical bars show the mean temperature gradient obtained from magnetotelluric
measurements at the different sites assuming a temperature range of l.000—l.l00°C in the low
resistivity layer beneath the MT-profile. Open circles are surface temperature gradients measured in
shallow drill holes

a1. (1970), Bondarenko (1972), Presnall et a1. (1972)). All the results scatter
considerably and seem to depend strongly on laboratory conditions and the
measuring technique. Nevertheless the laboratory investigations on dry basalt
samples yield temperatures in the range of 800—1,200°C for a resistivity
of 159m, with a resonably good mean value around 1,000—1,100° C. Hence,
assuming a basaltic composition of the low resistivity layer at 12—20 km
depth the temperature in that layer must be about 1,000~1,100° C. This is in
good agreement with the results of Hermance and Grillot (1970) obtained in
south-western Iceland. According to some of the laboratory measurements
partial melt starts occuring in this temperature range and then the resistivity can
be lowered one or two orders of magnitude. The anomalous mantle beneath
Iceland very probably consists of partially molten peridotite. If partial melting
has reached a sufficient volume fraction the fluid phase and the volatile
components will tend to rise to the top of the mantle and form a layer of high
melt fraction at the base of the crust. It seems therefore plausible to explain the
existence of the low resistivity layer as a thin zone of partial melt at the lower
boundary of the crust. No exact information on the volume fraction of the melt
phase can be obtained, because the resistivity strongly depends on the shape and
liquid bridging of the melt pockets (Waff, 1974), but according to Shankland and
Waff (1977) the melt fraction has to be at least 10% to obtain 15 firm in the
temperature range of LOGO—1,100o C. The increased resistivity in the upper
mantle below the good conductor is in. good agreement with most of the
laboratory measurements, which show that the resistivity of peridotite is apro-
ximately an order of magnitude higher than that of basalt at the same tempera-
ture.

Assuming a constant temperature of 1,000—1,100° C in the center part of the
low resistivity layer we have calculated the mean temperature gradient in the
Icelandic crust below the whole MT-profile by dividing the temperature by the
depth of the layer which is shown in Fig. 5. The results are shown in Fig. 6. The
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mean temperature gradient decreases with increasing distance from the spread-
ing zone. The obtained value for the center station AUS is uncertain because of
uncertain depth determination, but may be around 100° C/km. In east Iceland
the calculated gradient is around 50° C/km and in the central part of north
Iceland about 60° C/km. Figure 6 also shows surface-temperature gradients
measured in shallow drillholes in north and east Iceland from Palmason (1973),
and some new data from the files of the National Energy Authority of Iceland.

A relatively good correlation seems to exiSt between the surface gradients
and the mean crustal temperature gradients calculated from the MT-measure-
ments. This demonstrates the possibility to estimate temperatures in the deep
Icelandic crust in an economic and time saving way from MT—soundings,
especially in places where the surface gradient is disturbed by circulating near-
surface ground water. In south Iceland Palmason (1973) has found a similar
distribution of the surface temperature gradient but with much higher values
across the western part of the active zone. On the other hand the eastern branch
of the zone does not show any anomaly in the surface temperature gradient. He
explains his observations as a consequence of different ages of the west and east
branches of the neovolcanic zone (Saemundsson, 1974).

According to the present data it can be assumed that the low resistivity layer
exists beneath the whole of Iceland at different depths. A wide spread partially
molten layer at the crust—mantle interface can have an important tectonic
implication as pointed out by Anderson and Sammis (1970). Especially beneath
Iceland where this layer is at relatively shallow depth it can explain the mobility
of the crust in the active spreading zones and the instability of these zones
within the crust.
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Damped and Constrained Least Squares Method
With Application to Gravity Interpretation

J. L. Vigneresse
Centre Armoricain d’Etude Structurale des Socles, Universite de Rennes I, Avenue du Général
Leclerc, F-35042 Rennes Cedex, France

Abstract. Many geophysical problems are solved through linear system
inversion techniques. Optimization routines are the usual schemes and
among them the least-squares method is the most common. Some refine-
ments as matrix decomposition, elimination of insignificant eigenvalues are
considered and tapering of small eigenvalues is proposed. The introduction
of an upper and a lower limit for the solution vector is presented. This
reduces the usual instability encountered when using classical least squares
techniques.

An application to gravity profile inversion shows how this method can be
used as an intermediate between the direct problem (model construction)
and the inverse problem (search for ideal bodies).

Key words: Constrained least squares —— Inverse problems —— Gravity.

I. Introduction

Provided an appropriate choice of the parameters, a lot of geophysical problems
may be reduced to a linear combination of relationships between the measure-
ments b of physical quantities and a set of unknown parameters x. The problem
is to solve the linear system

Ax=b (1)
in order to find the solution vector x representing the unknown parameters xj.
Since the number m of observation points bl. does not need to be equal to the
number n of the different physical parameters to be determinated, the system Ax
219 must be solved using an approximation theory. A good solution is

H=b+eAx (b

with e being the residuals between computed and observed values. The problem
is then to reduce the values of the residuals, that is to say to minimize the

O340-062X/78/0045/0017/$02.40
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quantity HAx—bH. Several criteria are available, dealing mainly with the power
used to calculate the norm. Some of them have been examined in a previous
paper (Vigneresse, 1977). Here only least-squares approximations are presented.

2. Theory

2.1. Classical Least Squares

Resolution of the system can be obtained by the usual Gauss method. Normal
equations can be written

ATAx=ATb. (3)

The solution is given by

x=(ATA)‘1ATb. (4)

Troubles arise from the computation of the inverse of ATA. Instabilities
occur when the A matrix is badly conditioned, since the condition number of
ATA is the square of the condition number of A. This may cause serious
problems during the inversion (Anderssen, 1969).

2.2. Matrix Decomposition and Damped Least Squares

Lanczos (1961) proposed an improvement by using an eigenvalues-eigenvectors
decomposition of the matrix

A = USVT. (5)
Solution is now obtained by

x=VS’1UTb. (6)

U and V are orthogonal matrices whose columns are the eigenvectors
associated with the columns and rows of A respectively. S is in this case a
diagonal matrix, the elements of which are the eigenvalues of the full rank
matrix. If degeneracy occurs some eigenvalues are equal to zero. In the numeri-
cal application, the existence of small eigenvalues comes from irrelevant and
unimportant parameters.

It can be desirable to keep these low eigenvalues during the inversion for
instance when the effects of several parameters are very similar and are hardly
distinguishable from the data. (Levenberg, 1944; Marquardt, 1963, 1970). The
method is also known as ridge regression (Hoerl and Kennard, 1970).

The normal Eq. (3) are modified to

(ATA+o1)x=ATb (7)
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where Q is a diagonal matrix with positive elements. When using the same type
of matrix decomposition as previously (5) the normal equations are written

(VS2 UT+@I)x=VSUTb (8)

and a solution is

x=V|(SZ+@21)‘lS|UTb. (9)

The effect has been the introduction of a perturbation factor (9‘ which
tapers the spectrum of the eingenvalues (Fig. 1). A scheme of calculations is
provided in Table 1.

The choice of a convenient value for (9 is essential. A good estimate is given
by weighting the residuals by one over the variances of the observations
(Crosson, 1976). This leads to a normally distributed random variable with unit
variance. Aki and Lee (1976) use a weight inversely proportional to the variance,
namely the ratio of the variance of the data over the variance of the estimated
solution. The same choice had been proposed by Franklin (1970) in the method
of the stochastic inverse.

2.3. Constrained Least Squares Approximation

In spite of these improvements, the least-squares problem does not have unique
solution in the overdetermined case, and the solution may be optimum only in
the mathematical sense, i.e.: it can be physically out of range even if the criterion
of minimizing the sum of squares of the residuals is fully satisfied. From a
geophysical point of view, it would be better to choose a solution within an
average range of physically meaningful values.
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Table 1. Scheme of resolution of overdetermined system through classical and improved least
squares minimization

System Ax = b

CLASSICAL LEAST SQUARES LEVENBERG- MARQUARDT
DECOMPOSITION

Minimization of (Ax-b)T (Ax-b) (Ax-b)T (Ax-bHG2 xTx

Normal équations ATA x = AT b (A'A+ 921) x = IIT b

Solution x = INA)“ AT D x . (ATA + 921)" AT b

MATRIX DECOMPOSITION
A= u svT A = u S vT

Normal équations VSZUTx = V SUTb (V SZUT+92l = VSUT b

Solutions x= vs" UT.b x= v{( 32+921I"s} UTb
1/‚\1 O 7&7

3-1 3 “A (82+92IY1S= Ä1+9
__)\2_22.... Äg+9

o '1/,\n \ An
Ää+93

(a) Theory. The introduction of such limits for the solutions can be for-
mulated as the following Constrained Least—Squares problem (CLS problem):

Minimize “Ax—bl] subject to Cx>d (10)

with the m x n matrix A. equivalent to the above notation, and the p >< n matrix C
of the relations between the constraints vector d and the solution vector x.

Two particular cases of this problem are evident:

Problem LDP (Least Distance Programming):
Minimize Hxll subject to Cx>d (11)

Problems NNLS (Non Negative Least Squares)
Minimize HAx —bII subject to x>0. (12)
An algorithm for NNLS problem has been dealt with, and solved, in linear

and non-linear programming. Basic theorems are found in the original paper by
Kuhn and Tucker (1951) and in books dealing with optimization (Laurent, 1972;
Fiacco and McCormick, 1968). Applications and practical use have been devel-
oped by Lawson and Hanson (1974), and by Gill and Murray (1974).

Kuhn and Tucker (1951) solved the CLS problem by introducing slack or
surplus variables (I) in order to reduce the inequalities in Cx>d to the
equalities C x —r=d with the condition x, r>0. The problem of minimizing HAx
—bH can be treated using the objective function qbz-ä— HAx—bHZ. Saddle—point
theory applied to qb then provides a set of necessary conditions. Kuhn and
Tucker (1951) derived from it what they referred to as “constraint qualification”,
which places very important restrictive conditions on the nature of the set of
feasible solutions in the vicinity of the computed solution x+. It requires that the
negative gradient vector of (15 at x+ must be expressed as a non-negative linear
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combination of outward pointing normals to the constraint hyperplanes on
which x+ lies. That is to say, that it lies in the convex cone based at the point x+
and generated by the outward pointing normals. More recent works on func-
tional analysis have developed this point and stress the optimization problem
through the intersection of cones of displacement (Laurent, 1972).

For the CLS problem, a solution is then characterized by the following
conditions (Lawson and Hanson, 1974): An n vector x+ is a solution of the CLS
problem if and only if there exists an m vector y and a partitioning of the
integers l to m into subsets E (equality) and S (slack) such that

CTy=AT(Ax—b)
r120; yi>0 ieE
ri>0; yi:0 ieS where r=Cx—d. (13)

The quantity —-|AT(Ax—-b)| is then the negative gradient of the objective
function ¢=l|Ax—b)lz and the lines of (—CT) represent outward pointing
normals to the constraint hyperplanes.

If the NNLS problem may be solved, the point is now to reduce the CLS
problem to the NNLS problem. This is done in two steps: reduction of the CLS
problem to the LPD problem, and then change of the LDP problem to the
NNLS problem.

(b) Practice. The reduction is carried out with the help of matrix decom-
positions as described in the first part of the present paper. An advantage of this
procedure is a single singular-values analysis in the first step of the computation.

The first step is done through a change of basis for the vector x. The matrix
decomposition which leads to A = US VT Eq. (5) can be written

V1TIAI=IU1U2I V;0 0 . (14)
sol

Then by a change of variables x=V1y, the problem of minimizing the
quantity HAx—bH reduces to:

minimize d>=Hb-AXHZ=H-Sy+bill+||b2H (15)
with b1=U1Tb

b2=U2Tb
A further change of variables z=Sy—b1 reduces the function to

¢=HZH2+Hb2HZ- (16)
The problem is now reduced to the LDP problem, except for the additive

constant HsZ:

Minimize „zu subject to 62>; (19)
with C=CV1S‘1

s—CVIS‘lbl.
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The second step is the transformation from the LDP to the NNLS problem.
This can be done through the following change: compute a vector u solving the
NNLS conditions:

Minimize “Eu—f“ subject to u>0 (18)

‚ ÖT and f an n+1 vector with all elements
W1th E = „Td equal to zero except (n+ 1) th.

The gradient vector of the objective function ällzll2 in the LDP is simply z.
The Kuhn-Tucker conditions require z to be expressible as a nonlinear com-
bination of the row of C T. Then 2 is expressed as

Z=ÖTuHrH_2 with HrllzerellEu—fn. (19)

3. Application to Gravity Data

Gravity profile interpretation may be aided through linear system inversion
techniques. Two-dimensional density distributions can be selected to represent
geological structures. The gravitational attraction due to simple sources repre-
sented by polygons is easily calculated by the now classical formula of Talwani
et al. (1959). Since the formula is linear with respect to density, a linear system of
equations can be constructed yielding a theoretical gravity value at any point.
Provided that observed gravity values are available at these points, density
contrasts can be adjusted in order to minimize the residuals between observed
and computed values of the field.

The assumed structure which underlies the gravity anomaly is divided into
several cells by an automatic partitioning or by a more elaborate method which
can incorporate results from previous geophysical surveys. Each cells is then
represented by a regular polygon.

The gravitational attraction of a k-sided polygon is given by

k

g=2Gp Z K. (20)
l=1

Where G is the universal gravitational constant and p the density. Y, is the
kernel function for one side and is a function of x1, 21, corners of the polygon.

The problem reduces to a linear system like Eq. (1) with the solution vector b
=gi the gravity measurements, the unknown vector x=pj the density contrast,
and the matrix A =aij, represents the gravitational attraction of the jth prism at
the ith point of observation. Details of constructing this system may be found in
a previous paper (Vigneresse, 1977).

4. Discussion

The inverse problem in gravity interpetation has already been examined by
these techniques. To date, several papers have been published, each using
different criteria for the optimization of the residuals.
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In a first stage, most of the authors have assumed density contrasts and
adjusted vertical coordinates of the bodies by means of either iterative processes
(Tanner, 1967; Qureshi and Mula, 1971) or least-squares methods (Corbato,
1965). Later, methods with better convergence have been developed through
least-squares techniques and generalized inversion (Braile et al., 1974; Philips,
1974; Jupp and Vozoff, 1975). The problem of stability has been partially solved
by the Backus and Gilbert (1967, 1968) method (Green, 1975) and by ridge
regression (Inmann, 1975). Different criteria for norm minimization have been
proposed (Claerbout and Muir, 1973) and compared with each other (Vigner-
esse, 1977). As far as errors in the data affect the solution, the problem is better
solved with the introduction of a damping factor in the least—squares approxima-
tion (Crosson, 1976; Aki and Lee, 1976) or using covariance matrix techniques
(Jackson, 1976; Burkhard and Jackson, 1976).

From the point of view of the very recent development of the inverse
problem (Parker, 1975, 1977; Sabatier, 1977a and b), the method described
above may certainly be considered as “old fashionned”. The fact is that Parker’s
philosophy of determining all solutions acceptable for the problem is very
reasonable. Unfortunately, this is very time consuming (Sabatier, 1977 a). Anoth-
er point is the basic assumption of a homogenous structure underlying all these
methods. Any geologist will have serious criticisms about this. These are the
main reasons why the present method has been developed.

When inverting real data, both oscillations and smoothing effects occur but
they may be used in order to approach a “better” solution. A solution remains
to be found in which the density contrasts are limited within a physically
acceptable range, taking into account the other available data for the structure.
In that sense the method can be viewed as a compromise between an arbitrary
search through model calculations (direct method) and a mathematical inverse
problem (automatic adjustements of depth parameters).

The method has been tested with several synthetic models. In all cases the
inversion was done in a very short time and gave the previously assumed density
contrasts.

In order to simplify the procedure, the same test has been done for several
runs in the computer with different initial parameters. An ideal structure had
been computed by the usual Talwani et al. (1959) method. It seemed interesting
to take the same test model as used by Braile et a1. (1974) in order to compare
the accuracy (Fig. 2).

Furthermore a test has been made by introducing random noise in the
synthetic data. The noise level was progressively raised in order to observe the
failing of the method. Up to a noise level of approximatively 20%,
the results are within an acceptable range. In fact this follows from the implicit
supplementary constraints which result from the location of the geometrical
parameters of the model. If a set of cells has exactly the shape of the test model
then inversion can be done up to high noise levels. When the division into cells
does not approximate the model exactly, however, some differences are found
during the least-squares inversion. With respect to the depth, a lower bottom for
the structure causes the density contrasts to oscillate while they are smoothed
when the top to the structure is higher than that of the model. Such troubles are
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Fig. 2. Test model in the present paper. On the right hand side noise has been added with a noise
level of 200/0

O 5 10 15 20 25 30 35 40 45
O

l J_ l J L l L J— 41 4
X

in Km

54

.00 “.03 *.00 .22 .22 700 “.03 .00

10-

-.O2 .03 .04 .06 .06 .04 .03 ".02

154
i z in Km

0
1 1 l L I l l | x

X
in Km

5-

100 .00 .00 .25 .25 .00 .00 -.00

10-

-.OO .00 ‘.OO .00 .01 101 .00 -.00

15-
V ’zin Km

Fig. 3. Test model anomaly inversion. (a) damped least squares method; (b) constrained least squares
method. Upper bound was 1.00 g/cm3 and lower bound — 1.00 g/cm3

nearly always found during least-squares inversion, but the introduction of
constraints reduces the amplitude of the variations. Smoothed values occur only
when the structure is higher than the source, which is probably due to the
equivalent-layer theorem. Lateral displacement of the cells may affect the result,
though in fact only the edges of the structure are affected. If a cell comprises
part of the model as well as the host rock, a density contrast which combines
their respective densities will be assigned by the procedure. If one cell overlaps
the model, then it will be given a density contrast result of a combination of
both density contrasts of the model and surrounding structures. The introduc-
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tion of constraints upon the solution vector severely reduces the instability during
the inversion. An exemple is presented in Fig. 3. The test model anomaly is
inverted using both techniques of damped least squares and constrained least
squares. The cell structure chosen fits the cell shape, but its lateral extension is
less than the length of the profile. This results in a long wavelength instability
which manifests itself in an ill conditioning of the coefficient matrix (Vigneresse,
1977). In the damped case, the computer tries to fill the lower cells in order to
deal with the long wavelengths. The result is shown in Fig. 3a. The constrained
inversion was done using a density contrast of +1 and — 1 g/cm3 as upper and
lower bounds, respectively. The instability is reduced as one can see in Fig. 3b.
The introduction of constraints into the solution results in the construction of a
convex hull into which all feasible solutions for the problem fall. In that sense
the problem can be viewed as a convex rather than a linear problem (Sabatier,
1977a)

5. Applications

The present method has been developed for a specific geological problem. For a
long time, geologists have been interested in the determination of the shape of
the roots (bottom) of batholiths.

Gravity data can assist in this problem by calculating the shape of a
batholith. This has been done by several authors using different methods. The
main point is still unsolved because of a dogmatic assignment of the density
contrast; it is generally assumed that the structure is. homogenous and does not
show variations in its physical parameters. Though it is quite easy to estimate
the density contrasts existing at the outcrops, only assumptions are available for
depths as great as some ten kilometers as inferred by several authors. Therefore,
the determination of the structure, from a continuity in their density contrasts
could be a less biased approach to the problem of plutonic roots.

Data are taken from the gravimetric anomaly map of Brittany, western
France. Plutons are well known in this area; they consist of leucogranitic rocks
dated from 310 m.y. (Cogné, 1974). They are easily recognisable on the Bouguer
anomaly map as they are delineated by negative anomalies of some ~25 mgal.
Density contrast measurements have been carried out on their material (Weber,
1972); an average value for the granite is 2.61 g/cm3 while the palaeozoic
formations into which they intruded have a mean density value of 2.69 g/cm3;
this results in a gravity contrast of —0.08 g/cm3 between the granite and
surrounding rocks. A profile has been constructed across the Guehenno massif
(Fig. 4). Constraints have been placed upon the solution vector. Density con-
strast is allowed to vary within the range —0.12g/cm3 and +0.05 g/cm3.
Inversion has been carried out through the above methods. Results have been
compared with other automatic inversion processes (Tanner, 1967; Qureshi and
Mula, 1971) (Fig. 5).

A few comments can be made on the results; since the decomposition into
cells has been very crude. The decomposition presented shows a similar shape to
that of the other methods. It results from several trials with more general
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divisions. After two runs. convergence of the results leads to this structure. A
first comment is the similarity of the results between all the three methods
concerning the shape of the batholith. No problem is encountered here. Howev-
er a significant difference occurs with respect to the depth of structure. Classical
inversion methods for a structure having constant density throughout the body
(i.e., homogeneity in its density contrast) indicate a greater depth for the root
than the one computed through our inverse method. But the density contrasts
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calculated by our method change with depth, thus, the batholith may be
homogeneous from the point of view of the petrologist, but not for geophysicist.
This may result from a density contrast between the body and the host rock
which changes gradually from the surface (at the outcrop) to deeper levels in the
upper crust.

Conclusions

A method has been developed which solves the gravimetric inverse problem by
a linear least—squares approximation. Refinements to the classical method of
matrix decomposition have been incorporated. The principal feature is the
tapering of the eigenvalue spectrum, avoiding the effect of redundancy in the
data. A supplementary and powerful condition is used assigning the convexity to
the solution. Assuming that other available data allows a restricted range for the
density contrasts, the solution is constrained to lie within that range. The
introduction of such constraints during the computation severely stabilizes the
method of matrix inversion and allows reasonable solution with limited time
consumption. Tests upon synthetic models are significant even when noise is
introduced into the data. When used upon real data the method shows good
performances compared to other iterative methods of gravity interpretation.
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Reappraisal of Palaeomagnetism of the Colli Euganei
and Monti Lessini Volcanics (Italy) *
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Abstract. New information on the age of the volcanics from Colli Euganei
and Monti Lessini shows that the division made by Soffel (1972, 1974, 1975 a)
of palaeomagnetic directions from the two areas into Eocene and Oligocene
groups is not valid. The difference in mean direction of these groups was
thought to indicate a rotation of this part of northern Italy of 50° during
the intervening time period. This rotation can not be substantiated.

Key words: Palaeomagnetism — Age of Volcanism — Rotation of Italy.

1. Introduction

Soffel (1972, 1974, 1975a and b) has carried out palaeomagnetic studies of
the volcanic rocks of Colli Euganei and Monti Lessini. The principle tectonic
conclusion from these studies was that this part of northern Italy rotated relative
to Europe by about 50° between Late Eocene and Middle Oligocene. Both
at Colli Euganei and at Monte Lessini the characteristic remanence directions
were divided into two groups one of which was associated with an Oligocene
eruptive cycle and the other with an older Eocene cycle. This division could
not be made solely on the basis of radiometric and palaeontological ages. A
more or less arbitrary value of declination was chosen which divided the data
into two groups within the loose constraint of the available dating. The difference
between the mean directions of these two groups (~50°) was interpreted as
indicating an anticlockwise rotation of this magnitude between the eruption
of the two cycles.

2. Colli Euganei

The first eruptions in the Colli Euganei have a Late Eocene age and are rep-
resented solely by basalts and basaltic breccias which are intercalated with
marls allowing precise palaeontological dating (Dieni and Proto-Decima, 1963;
* Contribution No. 221, Institut für Geophysik, ETH Zürich
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DeVecchi and Sedea, 1974; Massari et al., 1976). This type of volcanism only
occurred during Late Eocene.

On the other hand, the rhyolitic, trachytic and latitic rocks from this district
tend to be intrusive and are dated radiometrically (Borsi et al., 1969) and pa-
laeontologically (Dieni and Proto-Decima, 1970) as Early-Middle Oligocene.

The genetic evolution of the Tertiary magmatism of western Veneto is consid-
ered to represent a classic province of intercontinental rifting (De Vecchi et al.,
1974,1976)

The mid-Late Eocene age attributed by Soffel (1974) to most of the differen-
tiated rocks of the eastern part of the Colli Euganei is not consistent with
the stratigraphic, palaeontological and petrogenetic evidence. The data indicate
that the magmatism of Colli Euganei occurred in the follOwing order: basalts,
rhyolites then trachytes, and finally latites. The latites certainly occurred after
the rhyolites but it is more difficult to confirm their relationship with the
trachytes. The basalts are the only magmatic product in the Euganei which
can be attributed to the Upper Eocene. This is demonstrated both by radiometric
dating (Borsi et al., 1969) as well as micropalaeontology, the zones Globorotalia
cerroazulensis cerroazulensis and G. cerroazulensis cocoaensis (Toumarkine and
Bolli, 1975) being commonly associated with the basalts.

The differentiated products (rhyolites, trachytes, latites) are Middle-Early
Oligocene in age. This is based on micropalaeontological and radiometric dating
and on their stratigraphic relationship with the Middle Eocene/Lower Oligocene
Euganei marls. In the western part of the region, Soffel (1974) attributed most
of the sampled differentiated igneous rocks to the middle-Late Eocene. Evidence
from these localities for a younger age is available:

(a) The rhyolitic breccias of Monte Nuovo have been shown by radiometric
dating to have an age of 33:1 m.y. (Borsi et al., 1969).

(b) The latite breccias of Monte Croce (site 10) can be assigned, according
to Dieni and Proto-Decima (1970), to the Globigerina tapuriensis zone (Blow,
1969) of the Early Oligocene. The rhyolitic breccia of Monte Ceva is associated
with the same palaeontological zone.

(c) The trachytic body of Monte Alto (site 12) is stratigraphically above
and cuts rhyolitic breccias dated palaeontologically as Early Oligocene.

(d) The rhyolites of Monte Cimisella (site 13) cut marls of Early Oligocene
age.

(e) The trachytes of Monte Lonzina (site 23) cut marls of Late Eocene
age (zone Globorotalia cerroazulensis cerroazulensis of Toumarkine and Bolli,
1975) and were erupted after the rhyolite of Monte Brusa (called M. Lonzina
by Borsi et al., 1969) which has been dated as Oligocene (33 i l m.y.).

(f) Sites 3, 5, 16 were located at M. Castello di Calaone, M. Orsara and
M. Rua. At all three of these localities the differentiated igneous rocks post-date
marls and basaltic products of Late Eocene age.

(g) In the case of the differentiated rocks from sites 5, 22, 24 and 25,
there is no direct evidence as to their age because the Tertiary sedimentary
cover is lacking, and no radiometric ages are available. The connection of
these sites with the central part of the Colli Euganei volcanic complex is obscured
by alluvium.
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The samples collected by Soffel (1972, 1974) from the Colli Euganei region
were all reported to be rhyolites (=liparites), trachytes, or latites (=andesites).
They are therefore all due to the younger Oligocene eruptive cycle. The sampling
sites cannot be divided into two groups on the basis of age. Therefore the
two mean directions have no meaning and the supposed 50° rotation of this
part of Italy in Eocene/Oligocene cannot be substantiated.

Soffel (1974) has presented some conclusive arguments for the primary nature
of the magnetization of these volcanics and secondary magnetizations do not
appear to have caused the observed scatter of site mean directions. At most
localities it is not possible to see the relationship between the igneous rocks
and the original horizontal and the lack of good tectonic control may explain
the dispersion of site mean directions.

3. Monti Lessini

In the case of Monti Lessini, Soffel (1975 a) also divided his palaeomagnetic
mean directions into two groups, one of which was considered to be Early-
Middle Oligocene and the other Middle-Late Eocene. Again, this division could
not be made solely on the basis of age determinations and an arbitrary declination
value of 180° was used as a dividing line. Re-examination of the ages of the
basalts of Monti Lessini indicates that the age of certain of Soffel’s palaeomag-
netic sites must be revised.

(a) Site 14: the age of these volcanics near Marosticano is Oligocene (Piccoli,
1967) with very rare occurrences of Paleocene volcanoclastics (Dal Pra and
Medizza, 1965).

(b) Site 2 and 33: the age of these volcanics from Monti Berici is Late-Middle
Eocene rather than Oligocene as they are overlain by Upper Eocene biocalcare-
nites. The same age is also apparent for the basalts (sites 22 and 23) of southern
Trentino (Castellarin, 1966).

(c) Most of Soffel’s palaeomagnetic samples came from the central-eastern
part of Monti Lessini, where the basalts are largely Middle Eocene, with some
Early Eocene and Paleocene occurrences. Dykes and lava plugs of Eocene or
Oligocene age are also frequent. We consider that certain of these sites (no. 3,
4, 10, 27, 31), which were attributed by Soffel to the Oligocene, are Middle
Eocene in age. The Middle Eocene rifting produced maximum thicknesses of
volcanics in the valleys of T. Alpone, T. Chiampo and T. Agno (Piccoli, 1966;
De Zanche and Conterno, 1972). Site 10 is immediately beneath the limestones
of Ronca which contain Nummulites brongniarti (Uppermost Middle Eocene).
The samples from sites 3, 4, and 27 are found between the Ronca limestones
and limestones containing Nummulilesfabianii of Late Eocene age. The samples
from localities 31/1 and 31/2 are intercalated with the limestones of S. Giovanni
Ilarione which contain Nummilites millecaput of Lutetian age, and with the
Ronca limestones.

The remanence directions from Monti Lessini are plotted in Figure 1a show-
ing the age according to Soffel (1975 a). The difference in the mean declinations
of the two groups (Fig. 1a) was considered to indicate a 50° anticlockwise



32 J.E.T. Channell et a1.

Fig. la and b. Site mean directions from Monti Lessini (Soffel, 1975 a) showing the Eocene (circles)
and Oligocene sites (squares) according to Soffel (a) and according to this paper, based on latest
information (11}. The stars represent the means for the Eocene and Oligocene sites, and circular
approximations to 0:95 are shown. A11 inclinations are negative

rotation of this part of Italy during the time interval between the two volcanic
cycles. Our re-classification of these ages (Fig. 1b) illustrates that the difference
between the Eocene and Oligocene mean directions is, in fact, not well-defined.
As in the case of Colli Euganei, the data from Monti Lessini do not provide
evidence for any rotation during this time interval.
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Abstract. New information on the age of the volcanics from the Colli Euganei
and Monti Lessini (Northern Italy) collected by Channell et a1. (1978) show
that the divisions made by Soffel (1972, 1974, 1975a) of palaeomagnetic
directions from the two areas into Eocene and Oligocene groups had to
be modified. From the data of both sampling areas alone an anticlockwise
rotation of the area between Eocene and Oligocene can no longer be clearly
demonstrated. However, a combination of the predominantly Oligocene data
from the Colli Euganei with the predominently Eocene data from the Monti
Lessini as well as their comparison with corresponding palaeomagnetic data
from Stable Europe brings enough statistical evidence for an anticlockwise
rotation of the area of at least 20—30° between Upper Eocene and Lower
to Middle Oligocene.

Key words: Palaeomagnetism — Age of Volcanism — Rotation of Italy.

1. Introduction

Channell, De Zanche and Sedea (1978) have presented valuable new information
about the ages of many volcanic units which have been studied with respect
to their palaeomagnetic and rock magnetic properties by Soffel (1972, 1974)
in the Colli Euganei and later (Soffel, 1975a and b) in the Monti Lessini
in Northern Italy. In the area of the Colli Euganei with two cycles of volcanic
activities (one in Eocene, a second in Oligocene) Soffel (1972, 1974) interpreted
an extremely non—Fisherian distribution of remanence directions
(225.5°>D>122.3°) in terms of two groups of remanence directions setting
a dividing line at about D = 180°. All volcanic units (some of them with radiomet—
ric ages around 33 m.y.) with a declination D > 180° were classified as Oligocene,
all with D<180° as Eocene. A declination difference of about 50° was found
between the two groups.

With this working hypothesis, additional sampling was made in the nearby
Monti Lessini, where many volcanics of Eocene age crop out, some of them
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radiometrically dated as around 47 m.y. old. Also in this region an extremely
non-Fisherian distribution of remanence directions was found
(239.9°>D> 131.9°). Like in the Colli Euganei, two groups of remanence direc-
tions were postulated setting again the dividing line at about D=180°. All
radiometrically dated volcanic units of Eocene age and others which could
be classified as Eocene from the available geological maps had in general declina-
tions smaller than 180°. Some of the volcanites with D>180° could clearly
be identified as Oligocene. However, some units could not attributed to one
of the two age groups because of lack of detailed geological information available
at that time.

The ages of some volcanic units from both sampling areas are still uncertain,
even after the study of Channell et al. (1978). In order to avoid further confusion,
their palaeomagnetic data have been left out from the following discussion.

Simply because of lack of a sufficient number of unambiguous Eocene re-
manence directions in the Colli Euganei area, I agree with Channell et al. (1978)
and their statement, that “a 50° anticlockwise rotation of the area between
Eocene and Oligocene can no more be substantiated”. However, this does
not devalue the remanence directions of the “clearly” Oligocene volcanic units
of the Colli Euganei for any further comparison with the remanence directions
of “clearly” Eocene volcanics from the Monti Lessini and with corresponding
palaeomagnetic data from Stable Europe. “Clearly” in this context means that
the critical revision of the ages of volcanism by Channell et al. (1978) is fully
accepted at the moment, although, as has been mentioned previously, it may
be difficult in some places to state whether a certain volcanic unit is still upper-
most Late Eocene or already youngest Lower Oligocene from biostratigraphy
or purely petrological evidence alone.

2. Reinterpretation of the Palaeomagnetic Data

Figure la shows the mean remanence directions of the “clearly” Oligocene
volcanic units of the Colli Euganei (C) and Monti Lessini (M). The numbers
refer to the site numbers in the corresponding papers (Soffel, 1972, 1974, 1975 a).
There is a fairly well and closely grouped Fisherian distribution of Oligocene
remanence directions from both sampling areas with the following mean (open
square): N: 17, R: 16.43, D=200.2°, [2 — 52.5°, k=28.3, 0:95 =6.4°. This group
is surrounded by 8 “satellite” remanence directions, which are in general
about 30° apart from the marginal directions of the closer group. The mean
also including these 8 remanence directions is (open diamond): N= 25, R: 22.16,
D=189.5°‚ [2 ——46.7°, k=8.5, oc95 =9.6°. It must be noted here that the inclusion
of the 8 “satellite” remanence directions reduces the precision parameter k
from 28.3 (an average value of k for a group of volcanic rocks of the same
age) to a very low value of only 8.5. This may be due to lack of sufficient
tectonic control implying undetected tilts up to about 60°. The absence of
almost any tilts in the Monti Lessini area and the presence of only small tilts
in the Colli Euganei call this in question. Eventually older (Eocene) ages may
be the reason for the directions with D around 150°, although part of them
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were classified as “clearly”. Oligocene by Channel] et a1. (1978). Some intermedi—
ate geomagnetic field directions may also contribute to the scatter of the 8
“satellite” remanence directions.

Figure 1b shows the mean remanence directions of the “clearly” Eocene
volcanic units. They come entirely from the Monti Lessini (M) area. Numbers
refer to the site numbers according to Soffel (1975 a). The remanence directions
of 4 sites from the Colli Euganei (C15, C22, C24, C25) are also plotted in
brackets. There is no direct evidence for their age according to Channel] et a1.
(1978). They have been regarded as Eocene by Soffel (1972, 1974). Considering
only the data from the Monti Lessini (discarding M27 because of too large
deviation from the remaining group) the following mean is obtained and plotted
in Figure lb as an open circle: N=26, R=23.89, D2169.9°, I: —36.7°, k: 11.8,
a95=8.0°. Including also M27 we get the following mean: N227, 12224.38,
D2172.5°, I: —36.9°, k29.9, a9528.6°. An exclusion of one site out of 27
sites, which reduces the precision parameter k by about 20%, seems to be
justified. Tentatively including besides M27 also the 4 directions of the eventually
Late Eocene sites from the Colli Euganei yields the following mean: N231,
R=27.77, D21698“, I: 238.8", k29.3, 0:95:83". All three means for Eocene
differ only by less than 3°. Site numbers M5, M6/l, M6/2, M8, M9, and M12
have radiometric ages of around 47 my (see Soffel, 1975 a). Their mean is:
N=6, R=5.76, D2163.2°, I2 —44.0°, k220.7, 05952150“. This also indicates
that the mean Eocene remanence direction is situated rather in the second
than in the third quadrant.

Figure2 shows the mean of the closely grouped (open square) Oligocene
directions. The Oligocene mean including also the 8 “satellite” directions is
plotted as open diamond. The open circle is the mean Eocene direction (excluding
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M27). The corresponding circles of 95% confidence are also shown. In order
to test the significance of the difference between the means for Oligocene and
Eocene the F-test after Watson (1956) was applied yielding the following values:

(a) Oligocene, closely grouped directions: N1 = 17, R1 = 16.43. Eocene:
N2=26, R2=23.89. Total of both groups: N=43, R=39.29. F-ratio: 15.76.
Critical value for the 95% confidence level: 3.20 and for the 99% confidence
level: 5.15.
(b) Oligocene, including the 8 “ satellite” directions: N1 = 25, R1 = 22.16. Eocene:
N2226, R2=23.89. Total of both groups: N251, R=45.50. F-ratio: 4.79. Criti-
cal value for the 95% confidence level: 3.18 and for the 99% confidence level:
5.05.

According the McElhinny (1973) the mean pole position for Lower Tertiary
(T1) of Stable Europe is: ‚1’: 151° E, go’=75° N (see Fig. 3, star). For the mean
sampling locality (‚1211.4o E, go=45.4° N) the expected remanence direction
is: D=l91.6°,I= —52.8°, which is also plotted in Figure 2 has an open star.
This value is in agreement within the limits of error with what has been measured
for the Lower to Middle Oligocene in the Colli Euganei and Monti Lessini
area. Yet its declination is at least 20° different from the Late Eocene value.

The pole positions are shown in Fig. 3 using the same (closed) symbols
as for the remanence directions in Fig. 2. Star (,1’=151° E, <p’=75° N): Lower
Tertiary of Stable Europe according to McElhinny (1973). Square (‚1’ = 133.8o E,
cp’=70.2° N): Oligocene, closely grouped data alone. Diamond (2’2164.8° E,
(p’=71.0° N): Oligocene, all data. Circle: (l’=213.l° E, go’=63.7° N): Eocene.

According to the standard criteria in palaeomagnetism, especially regarding
the statistical evidence for the difference between the mean remanence directions
of the “clearly” Oligocene and Eocene groups, the statement of Channell et al.
(1978), that “a 50° anticlockwise rotation of this part of Northern Italy can
not be substantiated” has to be modified. There seems to be sufficient statistical
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evidence that an anticlockwise rotation within the short time interval between
Late Eocene and Lower to Middle Oligocene of 20—30° took place. The uncer-
tainties of some ages, which tend to bring the two groups of data together
thus reducing the difference of the means and increasing their internal scatter
favour an even larger amount of rotation between Eocene and Oligocene.
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Abstract. On April 6, 1975 a rather well isolated magnetic substorm began
with a sharp onset at 2122 UT one hour after a clear southward turning
of the interplanetary magnetic field. We report on results of observations
obtained with meridian chains of magnetometers, all sky cameras, riometers,
and short period pulsation magnetometers, plus additional stations and
equipment, one hour before and a few minutes around the onset of a sub-
storm at magnetic midnight within the Scandinavian area.

The time interval before onset was mainly characterized by an auroral
arc which drifted southward in parallel with a westward electrojet and with
a bay-like weak absorption region. The are being located above the northern
half of the electrojet showed intermittent local distortions, including a mature
spiral, which in each case was accompanied by local pi B type magnetic
pulsations. The spiral enclosed a region of upward directed field-aligned
current as inferred from local distortions of the magnetic field at ground.
Possibly the electrojet was due to a large-scale westward electric field, with
the intensity of the corresponding field-aligned currents amounting to values
of the order of 1 Akm‘2 at the time when auroral distortions first appeared.

At substorm onset, the westerly part of the midnight auroral breakup
region seems to have been observed by our all-sky cameras. This region
was also characterized by strong cosmic noise absorption; it was surrounded
by an anticlockwise (if viewed from above) differential equivalent current
vector circulation, which indicates that the breakup occurred below a region
of intense upward field-aligned currents switched on during substorm onset.
Such a conclusion seems to be supported by our simultaneous radio wave
backscatter amplitude and Doppler shift observations.

Key words: Auroral substorm — Magnetic substorm —— Growth phase —-
Auroral electrojet — Auroral loops.
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1. Introduction

Numerous papers have been written on the magnetospheric substorm based
on results of satellite, rocket, balloon, and ground based observations. The
general pattern of the substorm both on the global and on the magnetospheric
scale seems to be rather well known, and has been described in several mono-
graphs and review articles (e.g., Akasofu, 1968, 1977; Rostoker, 1972; Russell
and McPherron, 1973). However, because of limited observation facilities there
are many details of the picture for which an accurate description both in space
and time is still impossible. Also, the physical relationship between the different
phenomena occurring at the same time is rather unclear, in many cases. Near
the earth this is especially true for the very limited area of the auroral oval
close to magnetic midnight where the breakup phase of the auroral substorm
usually occurs. Our present paper reports on ground based observations of
different types made under this area when it was situated over Northern Scandi-
navia on April 6, 1975, one hour before and during the early expansion phase
of a rather isolated substorm.

The instruments from which data have been used in our study include meri-
dian chains of all-sky cameras, of magnetometers, and of riometers. Among
others, additional data were available from a radio-wave backscatter facility
measuring both signal intensity and Doppler shift, and from several pulsation
magnetometers.

Originally, the event was selected because of its remarkably large steplike
magneticD disturbance occurring at the time and near the location of the
auroral breakup. Later, it was found that the one hour interval before this
magnetic onset, possibly constituting a substorm growth phase (McPherron,
1970), also exhibited interesting relationships between the local magnetic and
auroral phenomena.

2. Instruments

Within this section we give a short description of the main instruments from
which data have been used in the present study. The location and other details
of each instrument may be taken from Fig. 1 or from Table 1.

The five all-sky cameras set up by the Finnish Meteorological Institute
approximately in a north-south chain are of a new design (Hyppönen et al.,
1974), with digital time display accurate to the nearest second. The 16 mm
colour film is processed to ASA rating 1000, permitting an exposure time of
2 s. Radioactive sources were used to activate calibration surfaces visible on
each photograph, for calibrations within both the red and green parts of the
spectrum. During the time interval considered in this study the stations were
run at the rate of one frame per minute, with the one exception of Ivalo.
There, due to a fortunate malfunction, the camera operated at eight frames
per minute just around the time of the auroral breakup.

In order to compare the locations of aurorae relative to other observed
phenomena, structures like arcs, spirals etc. have been digitized, rectified, and
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Fig. 1. Map of stations situated within Scandinavian area. Observational coverage through all-
sky cameras is indicated by a solid curve (as defined by 70° elevation angle and 110 km height);
corresponding coverage of each riometer is represented by a dotted curve. Backseatter curves:
PS: transmitter at Pihtipudas, receiver at Sodankylä; BL and BN: transmitter at Borlange, receiver
at Lycksele and Nurmijarvi, reSpectively. Crosshatched part of curve BL corresponds to narrow
beam receiver. The xm, y,“ coordinate system which is being used widely within this study, is
also shown. The broken line denoted by ¢rc=65° represents a curve of constant revised corrected
geomagnetic latitude. For more explanation see text

mapped assuming a height of 100 km (Boyd et al., 1971). If possible, lower
borders of aurorae were used during the digitization process. In most cases,
the same auroral structure was digitized from photographs of several cameras
and the results were compared after mapping. Generally the mapped structures
coincided within about 20 km, with the exception of weak aurorae or structures
recorded at low elevation angles.

For the present study, magnetograms were available from the first five sta-
tions of the University of Münster magnetometer array that has been installed
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Table 1. Permanent or temporary stations from which data have been used, mainly, in the present
study

Station Symbol Geograph. Coord. RCGLa Type of instrumentb and
running institutionc
(in brackets)

Ny Alesund NYA 78.9°N 11.9°E 75.90 M(AOT)
Bear Island B4 74.5 19.0 71.3 M(AOT)
Mikkelvik MIK 70.1 19.0 67.1 M(UM)
Rostadalen ROS 69.0 19.7 66.0 M(UM)
Kiruna KIR 67.8 20.4 64.8 M(UM) ASC(KGI)
Nattavara NAT 66.8 21.0 63.7 M(UM)
Pitea PIT 65.2 21.6 62.2 M(UM)
Kevo KEV 69.8 27.0 66.2 ASC(FMI) R, P
Ivalvo IVA 68.6 27.5 65.0 M(TUB) ASC(FMI) R
Muonio MUO 68.0 23.6 64.8 ASC(FMI)
Sodankylä SO 67.4 26.6 63.9 ASC(FMI) R, P
Martii MAR 67.5 28.3 63.9 M(TUB)
Rovaniemi ROV 66.6 25.8 63.2 R
Oulu OUL 65.1 25.5 61.8 ASC(FMI) R, P
Jyväskylä JYV 62.4 25.7 59.0 R
Nurmijärvi NU 60.5 24.6 57.0 M(FMI) R, P
Loparskaya LOP 68.6 33.3 64.7 M(PGIA)
Lovozero LOV 68.0 35.0 64.1 M(PGIA)
Umba UMB 66.7 34.5 62.9 M(PGIA)

a Revised Corrected Geomagnetic Latitude (Gustafsson, 1970)
b M: magnetometer; ASC all--sky camera; R: riometer; P: pulsation magnetometer
° If not explained unambiguously within text;
FMI: Finnish Meterorological Institute, UM: University at Münster; TUB: Technical University
at Braunschweig; KGI: Kiruna Geophysical Institute; PGIA: Polar Geophysical Institute at Apa-
tity; AOT: Auroral Observatory at Tromsö

stepwise in 1974—1976 for groundbased observations during the International
Magnetospheric Study (IMS, 19764979) in Scandinavia (Küppers et al., 1979).
The instruments are improved versions of the Gough-Reitzel magnetometer
(Gough and Reitzel, 1967). They yield analog records with 1--2 nT or 2% of
amplitude accuracy, and better than 10 s time resolution and accuracy. The
five stations are located on a straight profile oriented perpendicularly to the
line of constant revised corrected geomagnetic latitude (Gustafsson, 1970) that
is intersected at Kiruna.

In addition to these five stations, magnetograms from several nearby mag-
netic observatories or temporarily installed magnetic stations have been used
(cf. Table 1). The latter are two stations equipped with flux-gate magnetometers
and digital recording that are being operated by H. Maurer, Technical University
of Braunschweig, and three stations with analog recording run by the Polar
Geophysical Institute at Apatity on the Kola peninsula (USSR). The time accu-
racy of these additional magnetic data was about 1 min due to a clock malfunc-
tion or reading errors within copies, respectively.

A north-south chain of seven 27.6 MHz riometers was operated by the
Geophysical Observatory at Sodankylä on a routine basis. Four additional
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riometers of frequencies 20 MHz, 40 MHz, and 50 MHz were operated at Sodan-
kylä. The data were recorded with a chart speed of 60 mm/h, allowing one
minute time resolution.

Observation of radio aurora is another method by which disturbances in
the polar E-region may be studied, although the mechanism by which the scatter-
ing irregularities are generated is not yet understood completely (Egeland,
1976). During the substorm under consideration, signals recorded by three bi-
static CW—backscatter equipments supplemented the other observations. One
transmitter was operated at Borlange (Fig. 1) at a frequency of 145 MHz. Its
backscattered signals were received at Lycksele and Nurmijarvi. Another trans-
mitter (97 MHz) was located at Pihtipudas, with a receiving station being oper-
ated at Sodankyla. The corresponding three backscatter regions within the iono—
spheric E-region are quite confined in latitude due to aspect angle dependence.
They are rather evenly distributed over Northern Scandinavia (Fig. 1). It was
important for our study that the station at Lycksele operated by the Max-
Planck—Institut fiir Aeronomie, Lindau/Harz, was equipped with two receiving
antennas of different beam widths. The half power beam width of receiver
A mounted to 37 degrees, whereas that of receiver B was only 10 degrees.
For receiver B this resulted in a backscatter volume also correspondingly
confined in longitude, and located a little southwest of Tromsö (Fig. 1). Further-
more, both receivers were able to record the mean Doppler shift of the back-
scattered signal.

Magnetic pulsation recordings were available from four permanent stations
in Finland. They are run by the University of Oulu and the Geophysical Observa-
tories at Sodankyla and Nurmijarvi, and are equipped with induction coil magne-
tometers that are most sensitive between 0.1 Hz and 1 Hz. The time resolution
is better than half a minute.

3. Observations

General Situation

The substorm under consideration occurred on April 6, 1975 between 20 and
23 UT when northern Scandinavia was located under the midnight sector of
the auroral oval. Near the center of this region, e.g., at Ivalo (IVA, Fig. 1)
corrected geomagnetic midnight was at 2120 UT (Whalen, 1970). The substorm
seems to have been isolated rather well. As demonstrated by Figure 2 the well-
known magnetic observatories along the auroral zone, as well as midnight-sector
low latitude stations, exhibited only small shifts or fluctuations within the hori-
zontal components between 18 and 20 UT. The shifts may partly be due to
the late recovery phase of another though weaker substorm period that started
between 14 and 15 UT. The magnetic quietness between the two substorms
is also indicated by the absence of any Pi 2 activity between 16 and 21 UT
at middle European observatories which were located within the evening sector
during this time (H. Voelker, pers. comm).

Simultaneously, the interplanetary magnetic field showed the following char-
acteristics according to observations by the satellite IMP—J which was located
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at the point (—0.6, —21.5, 18.8) as measured in geocentric solar magnetOSpheric
coordinates (Russell, 1971): Between 1800 and 2016 UT the field was northward
with the exception of two short southward excursions at 1904 and 1920 UT,
with a duration of about 2min each. There are data gaps around 2000
and 2010 UT each lasting for about 5min. At 2016 UT a sharp change to
the southward direction occurred. This direction persisted until 2133 UT when
the field gradually became northward and essentially stayed in this way for
the next 2 h (J. Vette, pers. comm.)

The general character of the substorm as observed over the Scandinavian
region is shown by the magnetograms in Figure 3. Here, the horizontal field
is represented by its components A and B. They are defined as being parallel
to the xKI axis and the yKI axis, respectively, that are shown in Fig. 1. This
cartesian system has been introduced by Kiippers et a1. (1979). It is applicable
only within a limited region, because projection onto a tangential plane is
the basic assumption. The adopted plane is tangent to the globe at Kiruna.
At this point the xKI or A direction is chosen as to be orthogonal to the
line of constant revised corrected geomagnetic latitude (Fig. I). The A variations



|00000055||

Initial Development of a Substorm at Magnetic Midnight 47

xäv—v" m

; "-4% W Bi
ä V6\-\\V4~/fi-‘://// LOP

mT ---ä——— +---~
\fKM//

Lov
‚ä ' ’\‚/
ä MkWV/ ”"8

B-COHPÜNEHT

P—BI

500

NT

Z-COHPONENT

1—-—Bi

500

NT

2020 2040 2100 2120 2140 2200 2220 2200 2020 2040 2100 2120 2140 2200 2220 2240 UT

Fig. 3. Magnetic variations on April 6, 1975 at selected stations within and around the Scandinavian
area. Stations B4 and NYA (see Table 1) are not shown within Figure l. A and B denote horizontal
components parallel to xKI and yKl axis (shown in Fig. 1), rCSpectively. Z positive downwards.
Horizontal lines corresponding to undisturbed levels

generally are rather similar to the usual H variations, and the same similarity
exists between B and D.

In Fig. 3, magnetograms to the left are from the University of Münster
Chain and those to the right from islands north of Scandinavia, from the Kola
peninsula to the east, and from southern Finland (cf. Fig. l and Table 1). Before
2040 UT the traces are close to the quiet time level which for each station
and component is represented by the horizontal broken line.

As judged from theA andZ traces in Fig. 3, the substorm is governed
by a broad westward electrojet. It flows above and northward of our region
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and reaches its maximum strength corrCSponding to a magnetic 500 nT distur-
bance at ground around 2145 UT, i.e., around local magnetic midnight. The
same electrojet is evident in the H traces from Narssarssuaq (Greenland) and
Leirvogur (Iceland) to the west and from the stations along the northern coast
of the Soviet Union, to the east (cf. Fig. 2). The magnetic observatories at
lower latitudes within the midnight sector see a typical bay disturbance most
pronounced in the D component which changes sign at around 02 MLT (Fig. 2).
The latter fact indicates that the central meridian of a Birkeland type ionospheric-
magnetOpheric current system (e.g., according to Meng and Akasofu, 1969}
capable to explain these main substorm characteristics probably is located 2 h
eastward from our region.

The onset of the main substorm phase occurred at about 2122 UT as indi-
cated by the high and low latitude magnetograms (Fig. 2 and 3) which show
strong inflections of all components at this time, and by Pi 2 activity as observed
in middle and northern Europe. We concentrate our present study on the preced—
ing hour and on the few minutes around this onset.

Figure 4 gives a synopsis of the auroral activity over northern Scandinavia
throughout this time interval. Fair weather conditions permitted good observa-
tions from twilight at around 1940 UT on, when a faint arc was located about
70 km north of our northernmost all sky camera station Kevo. Later this are.
and also intermittently appearing additional arcs, underwent different intensifica-
tions and foldings until between 2122 and 2123 UT the breakup occurred.
Throughout most of the time auroral arcs travelled southward and structures
to the east.
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A corresponding synopsis of the magnetic field development within about
the same region is given by Figure 5 which shows equivalent current vectors,
i.e., horizontal magnetic disturbance vectors rotated 90 degrees clockwise if
viewed from above. The equivalent current flow changes slowly from a westward
direction (as defined within the XI“, yKI system) towards a more southwestern
flow until 2122 UT when a sudden deflection occurs towards a southern direction
at the time of the main onset (cf. flow pattern at 2125 UT). As indicated
by the different scale marks within Figure 5, the intensity of the currents increases
by a factor of 4 between 2035 and 2122 UT but remains of the same order
of magnitude over the magnetic onset.

Pre—Onset Period (2025-2122 UT)

During the one hour preceding the onset the magnetograms from the high
latitude stations around the globe (some of which are illustrated in Fig. 2)
indicate increasing eastward equivalent current flow (see H components from
Narssarssuaq and Leirvogur) if westward from our region, i.e., if the stations
are located in the afternoon and evening sector, and vice versa. The evening
sector eastward flow extends into the polar cap according to the magnetogram
(not shown) from Upernavik (western Greenland). At midlatitudes in the mid-
night sector (e.g., Odessa in Fig. 2) increasing D components indicate increasing
southward flow during the same time interval.

These magnetic observations point to a high-latitude equivalent current
system of the twin-vortex mode including two electrojets, as described for exam-
ple by Troshichev et a1. (1974). It may be assumed that this system is mainly
due to magnetospheric convection starting to increase at the time of southward
turning of the interplanetary magnetic field, as mentioned above. The southward
and eastward auroral motions observed over Scandinavia fit into this picture
(Vorobjev et al., 1976).

The average southward motion of the southernmost are between 2025 and
2120 UT (Fig. 4) amounts to 120 ms”. Because we are close to magnetic mid-
night where the auroral oval is east-west aligned this motion may directly indicate
an expansion of the oval. On the other hand, southward velocities of this
magnitude are regularly observed for individual auroral forms independent of
the oval behaviour at this time of the day (Snyder and Akasofu, 1972; Vorobjev
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et a1., 1975). It should be mentioned that Lassen et a1. (1977) who recently
performed a case study partly similar to the present one, have found a southward
drift of the preexpansive phase arc after the southward turning of the interplane-
tary magnetic field in the evening sector only, but not around midnight.

The westward or southwestward equivalent current flow observed over Scan-
dinavia before 2122 UT mainly consists of a rather narrow electrojet, according
to the latitude profiles of A and Z shown by Figure 6. The current is centered
a little south of the southernmost (and for most of the time solely observed)
auroral arc (cf. vertical bars within A latitude profiles), and remarkably follows
its southward motion. Some spatial relationship between auroral arcs as observed
by the ISIS 2 satellite and eastward and westward electrojets (generally of a

‘ larger width than in our case) has already been studied by Wallis et al. (1976),
but here we are able to show that electrojet and are travel with about the
same southward speed. As will be discussed below this holds even for the
case when the speed undergoes temporal variations.

According to the B latitude profiles, of which only one typical example
is shown in Figure 6, the electrojet is not of a two-dimensional nature. This
is also evident from Figure 5. For the time interval under consideration, the
magnetic observations may be modelled by a Birkeland type current loop consist-
ing of a homogeneous ionospheric electrojet of finite length with corresponding
up- and down-flowing field aligned currents at its ends, according to the method
described and applied extensively by Kisabeth (1972; see also Kisabeth and
Rostoker, 1977). If we compare our latitude profiles with those given by Kisabeth
(1972) for different model Birkeland current loops we may draw the conclusion
that we are under the western half of the electrojet and that as a first approxima-
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tion end effects and the effects of the field—aligned currents may be neglected
within A and Z components. That we are still far enough from the ends of
the electrojet follows from the fact that the total variation within the B profiles
is considerably smaller than the total variation within the corresponding Z
profiles.

The development of auroral activity will now be described a. little more
in detail (of. Fig. 4). In addition to the main are which had intensified and
narrowed showing slight distortion for the first time, at 2046 UT a second
faint arc became visible about 120 km to the north but disappeared after a
few minutes. At about 2054 UT the main arc intensified and simultaneously
deveIOped into a chain of hook-like folds that travelled towards the east with
a velocity of 1-2 km 8“. At the same time the first Pi B event (impulsive
broadband Pi burst, see Heacock, 1967) of this night was detected by the
short-period pulsation magnetometers at Sodankyla and also, with smaller am-
plitudes, at Oulu and Nurmijarvi (cf. spectrogram from Sodankyla as shown
in Fig. 7). Around the time of this auroral disturbance which persisted only
for 8 min, the magnetic A latitude profiles (Fig. 6) became more asymmetrical
by exhibiting stronger gradients at the northern border of the electrojet region
than at the southern one. Corresponding deformations (a more pronounced
northern maximum) are to be seen in the Z profiles.

At 2107 UT a short-lived spiral-like structure appeared over the eastern
part of our region followed by wavy or hook-like weak disturbances. By 2110 UT
all auroral activity had reduced to several faint arcs. Immediately thereafter,
an intense well-defined stationary auroral Spiral (Davis and Hallinan, 1976)
developed. It showed an anticlockwise winding-up (if viewed from above) of
former rectilinear structures. This sense of rotation is always observed for spirals
(Davis and Hallinan, 1976) and is due to a magnetic shear caused by a concentra—
tion of upward field—aligned currents according to the theory prOposed by Halli—
nan (1976).

During the few minutes of spiral formation, which culminated at 2113 UT,
some slight distortion of the equivalent current distributions occurred. These
distributions were otherwise similar to the example shown in Fig. 5 for 2110 UT.
In order to see if this distortion might be ascribed directly to the auroral
spiral the difference of the equivalent current vectors between 2110 and 2113 UT
has been mapped in Figure 8. This method is analogous to the use of differential
latitude profiles of magnetic components introduced by Kisabeth (1972). Fig-
ure 8 clearly shows that over the time interval of Spiral growth an equivalent
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Fig. 8. Position of auroral spiral (dotted) at
2113 UT, and differential equivalent current
vectors calculated for the time difference 2110 and
2113 UT (i.e., currents being added over this
interval)

current pattern is being added to the formerly existing one that exhibits an
anticlockwise current circulation around the spiral center. Such an equivalent
current loop will be generated (Fukushima, 1971) if a vertical upward directed
field-aligned line current is escaping from a laterally homogeneous or rotationally
symmetric ionosphere. The field-aligned current would be fed by radially inward
directed Pedersen currents (cf. Fig. 15 below) that compensate its magnetic
field below the ionosphere. Therefore, only the magnetic field of the circular
Hall currents will be detectable at the ground.

Accordingly, our observations seem to indicate that during spiral formation
there is a local addition or concentration of upward field-aligned current, as
predicted by the theory of Hallinan (1976). Similar conclusions have been drawn
by Wescott et a1. (1975) from the results of a barium plasma injection experiment.

Like the auroral activity at 2055 UT the beginning of spiral development
was accompanied by a Pi burst at 2111 UT (Fig. 7). Another Pi B appeared
at 2116 UT when the last auroral intensification before breakup began. Again,
hook-like folds travelled rapidly towards east. Simultaneously, the first Pi 2
event was recorded at middle European magnetic observatories (e.g., Wingst
and Göttingen).

At the same time an onset of weak backscattering of radio waves from
auroral structures was noticed at Sodankyla (corresponding to the backscatter
region PS in Fig. l), but probably not at Lycksele (region BL) and undoubtedly
not at Nurmijarvi (region BN). Afterwards, at 2119 UT a nearly total fading
of backscatter intensity occurred, as well as in auroral activity. According to
all-sky photographs, the northern sky became especially dark, in agreement
with the pre-breakup observations reported by Snyder and Aksofu (1972). Auroral
fading seems to be a phenomenon regularly occurring before breakup as has
been reported and discussed by Pellinen and Heikkila (1978).

During the time before breakup and main substorm onset, the riometers
from the Finnish chain had already indicated some weak absorption (Fig. 9)
which started around 2030 UT above Ivalo (and possibly above Kevo where
heavy fluctuations all the time impeded interpretation of the data) and later
and more gradually aboVe Sodankyla, Rovaniemi and Oulu. A southward shift
or expansion of the absorption region can be inferred from Figure 9 yielding
a speed of 100 ~200 ms" 1. According to Hargreaves et a1. (1975) who like others
(Pytte et al., 1976) regularly observed this phenomenon, the pre-onset bay-like
equatorward moving absorption activity is indicative of inward convection of
energetic plasma in the magnetosphere and should be regarded as evidence
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for a substorm growth phase. Note that in our case the absorption region
drift is of the same direction and magnitude as the average drift observed
simultaneously for the southernmost auroral arc and the westward electrojet
within the same region (of. Fig. 6, or Fig. 12a and b, below).

Around 2113 UT the absorption was slightly increased above Ivalo and
probably above Sodankyla, possibly in relation to the spiral formation which
has been discussed above. Between 2119 and 2122 UT (i.e., just before substorm
onset and auroral breakup), the absorption decreased clearly above Sodankylii
and Rovaniemi and most strongly above Kevo. This phenomenon is well known
eSpecially from balloon—borne X-ray measurements (Pytte and Trefall, 1972;
Pytte et al., 1976).

Auroral Breakup and Magnetic Onset

After the last auroral fading mentioned, an intensive hooklike structure devel—
Oped rather far to the west (a little south of Kiruna) at 2119130 UT (of. Fig. 4).
For almost 2 min it was nearly the only auroral form to be seen (Fig. 10).
It travelled rapidly towards the east with an increasing velocity up to 3 km s“ 1
until at 2121 :43 its motion was suddenly stOpped. Eight seconds later the struc-
ture had become partly wound up anticlockwise into a somewhat rayed spiral.
It then dissolved rapidly, and developed into a rather intense north-south-aligned
linear form above the Kola peninsula. This was accompanied by the appearance
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Fig. 10. All-sky camera records from the station Ivalo for a time interval a few minutes before
and around auroral breakup. Below each row time of uppermost and lowest frame is indicated.
Geographic north is upwards, east is to the right

of rayed auroral forms in the northwest of the region under observation. At
2122: 31 UT all the formerly existing forms intensified extremely, and at
2122: 51 UT nearly the whole sky of the northern part of the region was covered
with bright aurorae (Fig. 10). We may conclude that the auroral breakup
occurred at about 2122230 UT above northern Scandinavia.

During the breakup, the equivalent current system over Scandinavia changed
drastically into a broad south—westward directed flow (Fig. 5, cf. current system
at 2125 UT). The magnetic onset at our northernmost stations was extremely
sharp, especially in the D- or B-components (cf. Fig. 3), and occurred between
2122:00 and 2122: 10 UT.

This magnetic onset was accompanied by an intense Pi B event observed
esPecially at Kevo and Sodankyléi (and possibly preceded by another weaker
event one minute earlier) (cf. Fig. 7), and by a clear Pi 2 event at middle Euro-
pean magnetic observatories (e.g., Wingst and Göttingen). As may be seen
from Figure 2 the onset occurred at the beginning of worldwide substorm activ-
ity. The magnetograms from observatories to the east (Dixon, Cape Cheluskin)
possibly indicate an onset 1 --2 min earlier.

Note that at our stations in and near Scandinavia the magnetic behaviour
is quite different (Fig. 3). Whereas at the western stations (profile between
MIK and PIT) B is especially affected by the onset, the eastern stations show
the main changes in A and Z. If we neglect the observations within the Scandi—
navian region the observations to the east on the nightside of the northern
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hemisphere probably indicate the switching on of an additional westward auroral
electrojet of large longitudinal extent with corresponding field-aligned currents
at the ends. The central meridian of this Birkeland type current system (cf.
Kisabeth 1972) probably was located at about 03 MLT according to the magne-
tograms from the southern part of the Soviet Union (partly shown in Fig. 2),
Le, eastward from Scandinavia (00 MLT).

Simultaneously with the auroral breakup and the magnetic onset the Finnish
riometers indicate a sharp onset of >40 keV electron precipitation above Kevo
and Ivalo (Fig. 9). It is also observable at Tromsö and, though being a little
more gradual and less intense, at Kiruna. At Kevo the maximum absorption
difference amounts to 3.3 dB. Stations to the north and west of Scandinavia
recorded only smooth delayed increases in absorption after the breakup. Eastward
of Finland the strong absorption started before the observed breakup, showing
a typical morningside behaviour with slow increase in absorption and delayed
masima (3 dB at Dixon Island at 2130 UT). On the dayside in Alaska small
absorption started around 2040 UT, reaching 1 dB at around 2100 UT; after
that the absorption decreased gradually.

As regards the radio wave backseatter receiver stations, Nurmijarvi (corre-
Sponding to the backseatter region BN in Fig. l) received no signal. Sodankyla
(region PS) showed a small precursor at 2118 UT followed by a fade, and
then a sharp onset of a very strong signal at 2121 :30 UT. At Lycksele (backseat-
ter region BL) receivers A and B both recorded strong signals and negative
Doppler shift from 2122 UT on, but with important differences (Fig. 11).
Whereas receiver A (broad beam) showed a very gradual increase in signal
amplitude and negative Doppler shift, both amplitude and shift at receiver
B (narrow beam) appeared in a steplike fashion half a minute later and persisted .
for only 2 min. This means that backscattering was not uniformly distributed
over the whole backseatter region belonging to receiver A, but was concentrated
mostly to the part near Tromso (crosshatched part of region BL in Fig. 1).
The difference of the onset times indicates a westward propagation of the back-
scattering irregularities after the breakup over Kevo.

4. Discussion and Conclusions

Our further discussion will be concentrated upon the observed relationship
between the early electrojet development and the accompanying auroral activity
including Spiral formation, and upon the phenomena at the time and around
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the location of auroral breakup. The auroral fading which we observed before
breakup has already been discussed by Pellinen and Heikkila (1978).

Pre-Onset Westward Electrojet System

Often it has been assumed that the northern and southern borders of an auroral
electrojet are given by the locations of the extrema of Z as observed on the
ground along a meridian chain of magnetometers (e.g., Wallis et al., 1976).
This is correct for a broad electrojet. On the other hand, if the width becomes
small as compared to the height h of the current, the north-south distance
23 between the minimum and maximum of Z approaches the value 2h. For
a homogeneous sheet current of finite width 2w the relation s=(w2+h2)1/2
holds, and the height-integrated current intensity J may be calculated from
the values of the two Z extrema or from the H (or A) extremum value. Of
course, it has to be assumed that internal contributions to the observed magnetic
field at the ground are negligible. The smallness of such contributions has
been verified for Scandinavia for slowly varying electrojets like the present
one (U. Mersmann and K. Lange, priv. comm.) Also it is necessary that we
are located far enough from the eastern ends of the electrojet. As was mentioned
above, according to the small B variations before breakup this condition seems
to be fulfilled in our case.

Accordingly, position (from the Z=O locations), width 2w (assuming h=
100 km), and height-integrated current intensity J have been calculated from
the Z and A latitude profiles that are shown in Figure 6. The results are rep-
resented in Figure 12 (parts a and b), together with the location of the observed
arcs above our meridian chain of magnetometers. With one exception, the
southernmost arc is located within the northern half of the electrojet all the
time. As was mentioned already, the electrojet and the southernmost arc travel
southward in parallel. Note especially the slowing down or even interruption
of the southward motion of both electrojet and auroral arc which occurs at
2050 UT. A common southward velocity averaged over 15 min has been calculated
for the electrojet and for the southernmost arc. The results are also shown in
Fig. 12b, both as a velocity and as an equivalent westward electric field Eeq
(defined as the field which would give the observed motion if it were due to
an E >< B drift).

At the beginning of our interval Eeq is constant whereas J increases steadily.
It seems as if the minimum of J occurring at 2050 UT is related to the deep
decrease of Eeq at this time. Indeed, the quotient J /Eeq here called Zeff (effective
height-integrated conductivity) and delineated in Figure 12c is steadily increasing
all the time up to 2055 UT.

The question may be asked why the first hook-like distortions of the auroral
arc (Sect. 3 and Fig. 4) appeared at 2055 UT. Apparently, no one of the three
electrojet parameters 2w, J, and BMI exhibits any peculiarity at this time, whereas
Zeff shows a sharp maximum possibly indicating an extremum of height-inte-
grated conductivities and therefore of particle precipitation over the 200 km
wide latitudinal electrojet range.
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Fig. 12a—d. Different parameters derived from observations of pre-onset electrojet (Fig. 6) and
auroral arcs, as functions of time. a Width 2w and position (vertical bars) of equivalent homogeneous
ionospheric sheet current, and position of arcs (dots). b Intensity J of sheet current and smoothed
southward velocity (scale to the right) of electrojet and southernmost arc, expressed as an equivalent
westward electric field Zeq (according to v=ExB/B2). c ZeffzJ/Eeq. d jwlczzflzp‘l J w‘1 as
an order-of—magnitude estimate of the field-aligned current intensity, under the assumption of
model Bl from Figure 13. The broken line indicates Hallinan’s (1976) critical value, for comparison

On the other hand, it seems to be probable that the observed hook-like
distortions constitute the beginning of spiral formation which requires a certain
critical intensity of upward field-aligned currents, according to the theory devel—
oped by Hallinan (1976). Therefore, it may be useful to try to estimate at
least by an order of magnitude calculation the field-aligned current directions
and intensities from the above derived electrojet parameters.

There are two basic mechanisms by which an electrojet at high latitudes
may be generated (Boström, 1964, 1977): The first mechanism (Fig. 13, part A)
regards the magnetosphere as a current or voltage generator. According to
this model the field-aligned current within two vertical parallel sheets above
the borders of the electrojet or the voltage between these two sheets are given.
The two antiparallel field-aligned sheet currents are closed via Pedersen currents
within the ionosphere. The corresponding Hall current constitutes the electrojet.
For a westward electrojet (our case) the field-aligned currents above its northern
border flow downward.

In the second mechanism (Fig. 13, parts B) that part of the magnetosphere
which is connected to the central part of the electrojet (i.e., the part in the
middle between its eastern and western ends) along the magnetic field lines
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acts as a load. The source of the electrojet is a large-scale ionospheric electric
field Eo—generally generated by large-scale magnetospheric processes—which
meets a local channel of higher conductivity. Because the current has to be
source-free, eventually electric space charges will accumulate at the boundaries
of the well conducting channel. Depending on the circumstances the electrojet
may consist mainly of Hall or of Pedersen currents. Of critical importance
are the horizontal direction of EO, the resistance R of the magnetospheric load
between the two current sheets, and the contrast of conductivities outside and
inside the channel.

The observed southward motion of the electrojet and of the accompanying
arc suggests that a large-scale ionospheric electric field EO with a westward
component equal to Ee01 (Fig. 12b; see Kelley et a1. (197l) for justification
of this latter assumption) was present, indeed. According to Mozer (1971),
a westward electric field of the order of 10 m‘1 typically appears during
the hour preceding a substorm onset around magnetic midnight. For that reason,
we consider first the consequences of applying the second mechanism to our
case.

According to the magnetic A-component latitude profiles shown in Figure 6
the electrojet clearly stands out above the background to the north and south
where the ionospheric currents generally seem to be rather small. We assume
therefore, that the conductivities outside the electrojet region may be neglected.
This excludes the possibility that the north-south component of EO, if present,
was of any importance for electrojet generation because due to the non-diver-
gence of currents the corresponding Pedersen currents—and therefore the Hall
currents also —would have been negligible within the conductivity channel.

The westward component of E0 renders an upward directed field-aligned
sheet current of intensity J ”=(ZH/ZP)J above the northern border of the electro-
jet if the resistance of the mentioned magnetospheric load is assumed to be
negligible (case B1 in Fig. 13). Here, EH and ZP denote the height-integrated
Hall and Pedersen conductivity, respectively, and J means the derived electrojet
current density as shown in Figure 12b. In this case, the electrojet is a pure
Pedersen current, and Zeff (Fig. 12c) has to be interpreted as ZP. If, on the
other hand, the magnetospheric resistance is assumed to be infinitely large,
the field-aligned currents are suppressed completely, and the electrjet is a Cowl-
ing current with Zeff=2P+ZfiZg1(case B2 in Fig. 13).
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In reality, J|| will be distributed over a horizontal north-south range of
the order of w (see Fig. 12a). This gives a field-aligned current density of
the order of jucalcH/w. Under the assumption that model B1 (Fig. 13) holds,
this quantity is equal to the values shown in Figure 12d if a value of 2 is
inserted for the ratio ZH/ZP as indicated by results given by Evans et al. (1977),
De La Beaujardiere et al. (1977), and Horwitz et al. (1978). It seems remarkable
that the above-mentioned first hook-like auroral distortions appear at the time
(2055—2100 UT, see Fig. 4) when our calculated values of field-aligned current
density (Fig. 12d) for the first time substantially surpass the critical value
2.5 A km" 2 given by Hallinan (1976). On the other hand, it seems to be unaccept-
able to interpret the Zen-values as shown in Figure 12c correspondingly as
height—integrated Pedersen conductivities, because outside auroral arcs 2P gener-
ally is of the order of only 10 £2— 1 (Horwitz et al., 1978). We conclude therefore,
that it seems to be possible to interpret our electrojet observations within the
framework of model B (Fig. 13), but only if at least some part of the field-aligned
current is suppressed by finite magnetospheric resistance.

Rocket experiments (see, for example, Anderson and Vondrak, 1975; Cas-
serly, 1977) and theoretical considerations (Sato, 1978; for example) have shown
that an auroral arc is connected to a quite local (north-south range a few
tens of kilometers) system of field-aligned currents and one or two electrojets.
The upward directed field-aligned current flows above the arc, and it is the
intensity of this current which seems to be critical for the development of
auroral spirals (Hallinan, 1976). As Sato (1978) has pointed out the local arc
current system may develop under quite different circumstances (different direc-
tions of E0, for example). We conclude therefore, that in our case not only
a mixture between the models B1 and B2 (Fig. 13) is capable of explaining
the observations of electrojet growth and spiral formation. Model A or a pure
model B2 may be considered as well.

Model A yields downward field-aligned currents above the northern half
of the electrojet (Fig. 13), i.e., within the region where upward current is neces-
sary for explanation of the observed spiral formation. As may be seen from
Figure 13, the order of magnitude of this downward current would amount
to (ZP/EH)J w‘ 1 and would therefore be smaller than the values shown in Figure
12d by a factor of 4 (if again ZH/ZP22 is assumed). This background of down-
ward currents of intensities well below Hallinan’s (1976) critical value all the
time would probably not impede spiral growth if the local mechanism of arc
formation proposed by Sato (1978) is going on which seems to render upward
currents above the arc of the order of 10 A km‘2 in cases like the present
one.

Auroral Breakup Current System

The second item which we intend to discuss more thoroughly is the electric
current system around the time of the observed auroral breakup and of the
strong absorption event (2122 UT, cf. Figs. 4, 9 and 10). The Scandinavian mag-
netograms (Fig. 3) suggest that an additional current system had been switched
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shima, 1971) as shown to the left. 1,: and JH denote the Pedersen and Hall currents, respectively

on very abruptly, at this time. Assuming that the preexisting current system
(Fig. 5, system at 2122 UT) had remained constant we get the additional (differ-
ential) equivalent current vectors shown in Figure 14. These vectors seem to
encircle the region where the auroral breakup and the strong absorption event
have been observed, i.e., the region of most intense particle precipitation. The
differential equivalent current vectors suggest that this was a region of intense
upward field-aligned current according to the already mentioned model of Fuku-
shima (1971), shown schematically in Figure 15 (left part). On the other hand
the Z variations from our easternmost stations (cf. Fig. 3, and Z values given
in Fig. 14) indicate that the differential equivalent current system may be rather
elongated towards the east, and that accordingly the field-aligned current would
be more similar to a current ribbon (Fig. 15, right part) with its western boundary
above Scandinavia, than to a line current.

Figure 14 in connection with Figure 15 indicates that during breakup strong
southward Hall currents, i.e., strong northward E-region electron drifts are
generated only in the longitudinally confined region near Tromsö (magnetic
stations MIK and ROS, cf. Fig. 1). Qualitatively at least this is in accordance
with the negative Doppler shifts (Fig. 11) observed at Lycksele from the back-
scatter region denoted by letters BL in Figure 1. Furthermore, the amazing
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differences (see above) between the large amplitude and Doppler shift (Fig. 11)
recorded by the narrow beam receiver A (cf. small crosshatched backscatter
region near Tromsö in Fig. l) and the much smaller shift recorded by the
broad beam receiver B between 2122 and 2124 UT may be due to this longitudi-
nal confinement ’of strong electron drifts. If we assume that the electron drift
vector was not too far from being parallel to the line of sight of the backscatter
transmitter—receiver system, we may deduce an eastward electric field with
a strength of 15 mV m‘ 1 from the ——250 Hz Doppler shift observed by receiver
B, for the region near our magnetic stations ROS and MIK. On the other
hand, the 300 nT change recorded in the D component at these two stations
between 2122 and 2124 UT indicates a height-integrated southward Hall current
density of 0.5 Am“ 1 (calculated from the formula for an infinite current sheet).
Because of the lateral inhomogeneity of the current system (which also justifies
the neglect of internal field contributions) this will be an underestimate. The
ratio of the two quantities gives a height-integrated Hall conductivity of about
50 [2’1 for this region which seems to be quite realistic (Brekke et al., 1974;
De La Beaujardiere et al., 1977).

Our magnetic observations during the auroral breakup show some similarity
to the observations reported by Kisabeth and Rostoker (1973) for the case
of a westward travelling surge passing their meridian chain of stations. This
regards especially the large disturbances in the D component. On the other
hand, our optical observations indicate essentially a local auroral breakup,
and not passing of a preexisting auroral form. Furthermore, the traces on
our magnetic records show a sharply defined (within less than 10 s) inflection,
instead of a more gradual increase which has to be expected if a stationary
overhead current system is approaching the station with constant and reasonable
velocity.

Kisabeth and Rostoker (1973) have interpreted their observations by a
north—south shear in the ionospheric part of a Birkeland current loop (Fig. 9
within their paper). Probably this would be an alternative interpretation in
our case. The main difference seems to be that their model does not include
local field-aligned currents. On the other hand, in another paper Rostoker
(1974) has envisaged a single field-aligned current jumping to a new position
during the substorm expansion phase, in the midnight region. This model comes
nearer to our interpretation.

5. Summary

Our observations made shortly (1 —0 h) before magnetic midnight between the
time of the southward turning of the interplanetary magnetic field (2016 UT)
and substorm onset (2122 UT) may be summarized in the following way:

1. A westward electrojet with generally increasing intensity appeared over
northern Scandinavia. It may be modelled by a homogeneous sheet current
of finite width. The corresponding sheet current density reached values near
200 A km‘ 1 well before onset, whereas the width varied in a nonmonotonous
way between 200 and 400 km.
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2. An auroral arc, intermittently accompanied by parallel arcs to the north,
was situated above the northern half of the electrojet.

3. Both electrojet and are moved southward in parallel, with an average
(2025-2110 UT) speed of 120 ms”. Around 2050 UT both electrojet and are
nearly discontinued their motion, intermittently.

4. Our riometers indicated weak ionospheric absorption above the same
region at this time. The absorption region also moved towards south, with
an estimated speed of 100 —-200 ms“ 1.

5. From 2055 UT on, the arc was intermittently distorted with increasing
intensity. The first distortions were shaped in a hook-like fashion, later on
a mature spiral developed.

6. The first distortions appeared at a time when the field-aligned current
intensity, estimated from the derived electrojet parameters by an order-of-magni-
tude calculation, reached values of the order of 1 A km‘ 2.

7. Nearby short period pulsation magnetometers indicated Pi B activity
whenever the auroral arc was distorted.

8. During the few minutes of spiral growth and at the same location, an
additional pattern of radially directed magnetic disturbance vectors at the ground
appeared. This observation seems to indicate rather directly that the spiral
enclosed a local region of upward directed field-aligned current.

9. At the time (2116 UT) of the last auroral intensification and distortion
before the magnetic onset and the auroral breakup, in addition to the mentioned
Pi B activity a first Pi 2 event was recorded in middle Europe, and weak auroral
backscattering of radio waves occurred above northern Scandinavia.

As regards the southward drift of the auroral arc, the electrojet, and the absorp-
tion region, our observations seem to supplement results published by Pytte
et al. (1976).

We think that it has to remain an open question whether our observations
support the concept of the growth phase (McPherron, 1970). Perhaps the sub-
storm under discussion was not isolated well enough. However, we must empha-
size that nearly all the different ground-signatures which are thought to be
evidence for a growth phase (McPherron, 1970; McPherron et al., 1973; Koku-
bun and Iijima, 1975; Vorobjev et al., 1976; Mozer, 1971; Hargreaves et al.,
1975) have been observed by us and have been shown to be closely related.

About our results regarding the auroral breakup, which was observed exactly
at magnetic midnight, the following may be stated:

1. The magnetic observations are interpreted by us by a model in which
at the time and at the location of the breakup a current system is added
to the preexisting electrojet which implies strong upward directed field-aligned
current flow above the breakup region and a corresponding ionospheric Hall
current circulation around it.

2. This interpretation seems to be supported by the fact that at the time
of auroral breakup strong radio wave auroral backscatter signals with a large
negative Doppler shift of frequency were received only from a small region,
quite confined in longitude, immediately to the west of the breakup region,
which was also a region of strong ionospheric absorption as indicated by the
riometer observations. Furthermore, the value of the observed Doppler shift
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is in accordance with the observed magnitude of the magnetic east-west distur-
bance at ground, if a reasonable value of the height-integrated Hall conductivity
is assumed.
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Ionospheric Observation of Gravity-Waves Associated
With Hurricane Eloise

R.J. Hung and J.P. Kuo
The University of Alabama in Huntsville, Huntsville, Alabama 35807, USA.

Abstract. An experiment conducted by using a continuous wave—spectrum
high frequency radio wave Doppler sounder array with three sites and nine
transmitters (each site with three transmitters) was carried out to observe
the coupling of energy between the troposphere and the ionosphere during
the period of Hurricane Eloise. The analysis of the Doppler sounder records
indicated that gravity waves were detected when the eye wall of Hurricane
Eloise was located at the Gulf of Mexico. A group ray tracing has been
used in an attempt to locate the sources of these waves. Wave sources
are located along the storm track and near the storm center. The wave
excitation mechanism is discussed.

Key words: Hurricanes — Gravity waves — Ionosphere.

1. Introduction

In the past decade, observations made by Georges (1968), Baker and Davies
(1969), Davies and Jones (1972), Georges (1973), Hung et a1. (1975), Smith
and Hung (1975), and Hung and Smith (1977a; 1977b) show a correlation
between ionospheric wave-like disturbances and severe weather activity. A recent
study of Hung et a1. (1978 a, 1978 b) and Hung and Smith (1978 a, 1978b) indi—
cated a close correlation of atmospheric gravity waves and tornado activity.
The present study reveals the correlation of gravity waves observed in iono—
spheric height and the activity of Hurricane Eloise.

The correlation of the atmospheric acoustic-gravity waves and severe storms
has been investigated in the past twenty years. Tepper (1950, 1954) proposed
that the pressure jump lines effectively lifted the lowest layers of the atmosphere
and appeared to initiate squall line development in convectively unstable air.
Matsumoto and Akiyama (1969); Matsumoto and Tsuneoka (1969); and Matsu-
moto et a1. (1967 a, 1967 b) contended that acoustic-gravity waves were responsi-
ble for a pulsating tendency of winter and summer convective storms in Western
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Japan. Recently Uccellini (1975) proposed that acoustic-gravity waves are an
important mechanism for the initiation of severe convective storms. He also
suggested that the study of acoustic-gravity waves could reveal the development
of thunderstorms.

It is also suggested that the spiral bands of hurricans and typhoons behave
like gravity waves. Tepper (1958) and Abdullah (1966) hypothesized that the
bands are gravity waves similar to pressure jumps. Based on numerical simula-
tion, Kurihara (1976) shows that a spiral band of tropical cyclone, which propa-
gates outward, can grow in the presence of the horizontal shear of the basic
azimuthal flow. The horizontal wavelength of the band is 200 km, and the
characteristics of waves behave like gravity modes.

Gravity waves are also important in understanding the behavior of iono-
spheric irregularities (Hines, 1960). The ionospheric irregularities known as
TID’s (traveling ionospheric disturbances) observed by Munro (1950, 1958)
have been identified as gravity waves in the form of the fluctuations of ionization
in the F region (e.g., Rishbeth and Garriot, 1969). TID’s, in general, can be
divided into two categories, large scale TID’s and medium scale TID’s based
on the characteristics of wave propagation (e.g., Kato, 1976). The large scale
TID’s have been identified to be the production of Joule heating and of Ampere
mechanical force at the auroral zone during magnetic substorms (e.g., Chimonas
and Hines, 1970; Testud, 1970). Medium scale TID’s have been observed more
often than large scale TID’s and may be excited by various sources including
meteorological severe storm activity and magnetic disturbances. The discussion
of the characteristics of gravity waves in lower and upper atmospheres are
given by Gossard and Hooke (1975), and we are limiting ourselves to examine
the gravity waves associated with severe storms, in particular, hurricanes in
this study.

The observation of atmospheric gravity waves (medium scale TID’s) asso-
ciated with severe storms at the ionospheric height is possible when severe
thunderstorms with tops (radar heights) in excess of about 12 km occurred
within a radius of several hundred kilometers of the ionospheric reflection
points (Georges, 1976; Prasad et al., 1975), or only when intense updrafts of
clouds penetrate the tropopause. A similar idea was proposed by Saunders
(1962), that the convection regions imbedded in the stratiform anvil of the
thunderstorms are clearly the overshooting convective cells which penetrate
the tropopause. Observations of the hurricane eye wall by radar echoes made
by Malkus (1960) also indicate that the eye wall cloud penetrate well above
the tropopause. By taking photographs from a U-2 airplane flying over the
thunderstorms, Vonnegut et a1. (1966) also showed that convective overshooting
turrets rose above the anvil cloud and penetrated the tropopause. This may
suggest that the penetration of the intense updrafts of convection through the
tropopause could be the mechanism of wave generation. In other words, the
process of convective overshooting associated with severe thunderstorms (which
in turn is associated with tornadoes) or with the wallclouds of hurricanes is
responsible for the generation of atmospheric acoustic-gravity waves. Recent
observations made by ATS satellites (Fjuita, 1974) and Skylab (Black, 1977)
also endorse the correlation of the growth and collapse of convective overshoot-
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ing turrets associated with severe storms and the generation of gravity waves.
In the present study, we are particularly interested in the investigation of

hurricane-associated acoustic—gravity waves which were observed on ground-
based ionospheric sounding records as perturbations in electron densities at
ionospheric heights. We have employed a continuous wave-spectrum high fre-
quency radio wave Doppler sounder array to observe ionospheric disturbances
during the activity of Hurricane Eloise which was located at the Gulf of Mexico
on September 23, 1975. The evidence for the coupling of energy from the
troposphere into the ionosphere has come from observations of electron density
fluctuations which appear as changes of phase and frequency of the ionospheri-
cally reflected radio waves.

The results of the coupling between the troposphere and the ionosphere
through the upward propagation of gravity waves during the time period of
hurricane activity are discussed. The probable errors in computed trajectories
of the observed waves will be discussed in Sections 2 and 4.

2. Experiments and Data Analysis

Our Doppler array system consists of three sites with nine field transmitters
operating at 4.0125, 4.759 and 5.734 MHz. These sites are located in Northern
Alabama and the Tennessee Valley area. A detailed description of the geographi—
cal locations and array systems have been given by Hung et al. (1978 a) and
Hung and Smith (1978 a). The propagation characteristics of atmospheric gravity
waves can be observed from electron density fluctuations in the ionosphere.

During the time periods of the Hurricane Eloise activity on September 22—23,
1975, wave-like fluctuations were observed at F-region ionospheric heights with
wavelengths on the order of 100 km. These observed traveling ionospheric distur-
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Fig. 2. Cross correlograms at time period 0200—0340 UT, 9~23—1975

bances (TID’s) associated with hurricanes belong to medium scale TID’s in
contrast with large scale TID’s associated with geomagnetic activity initiated
at the auroral zone (Kato, 1976).

Doppler records observed were subjected to power spectral density analysis
and cross-correlation analysis. As an example, Figure 1 shows power spectral
density of the ionospheric disturbances from the transmitters at Muscle Shoals,
Alabama to the receivers at Huntsville, Alabama, at the observation time
0200—0340 UT, September 23, 1975. The wave period of the disturbances during
this time period of observation is 23 min.

The amplitude of the gravity waves is inversely proportional to the square
root of the density of the medium (Davies and Jones, 1972). The observed
amplitude of the gravity waves associated with severe storms also depends
upon the distance from the location of the wave source to the point of the
wave observation. The amplitude of waves associated with different types of
severe storms, such as severe thunderstorms, tornadoes, and/or hurricanes are
all in the order of 0.1 to 0.5 Hz of frequency shift measured at F-2 region
ionospheric heights.

As usual, the horizontal phase velocity of the disturbances can be computed
from cross-correlograms (detailed description see Hung et al., 1978 a). Figures 2
and 3 show cross-correlograms during the time interval 0200—0340 and
0500—0730 UT, September 23, 1975. The accuracy of the determination of the
azimuthal angle of wave propagation is within i5°, and the horizontal phase
velocity is within i8 percent of deviation in this set up.

In this experiment, the following characteristics of waves were observed:
(1) in the time period 0200—0340 UT, gravity-waves with wave periods of 23 min,
azimuthal angle of wave vector 353°, and horizontal phase speed 160 m/s were
observed; and (2) in the time period 0500—0730 UT, gravity waves with wave
periods of 23 min, azimuthal angle of the wave vector 344°, and horizontal
phase speed of 195 m/s were detected.
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3. Reverse Ray Tracing

Theoretical discussions of group rays of atmospheric gravity waves have been
carried out by Bretherton (1966), Jones (1969), Cowling et al. (1971) and Bertin
et al. (1975). These discussions suggest that the geometrical optics approximation
seems valid for the ray propagation of gravity waves if the distance from the
source to the point of observation is much longer than the wavelength of
the gravity waves. This is approximately true for our case. The wave propagated
is assumed to be locally plane so that a local dispersion relation of atmospheric
gravity waves, proposed by Hines (1960), is satisfied. Ray tracing, thus, could
be carried out by following the group velocity direction in a wind-stratified
model atmosphere. '

The propagation of wave energy in a lossless transparent medium follows
the direction of the group velocity (e.g., Yeh and Liu, 1972). This direction
is termed ray direction. In general, in an anisotropic medium the ray direction
is different from that of the wave vector. The reverse ray tracing computation
is the integration of group velocity with respect to time domain from the iono-
spheric reflection point back down to the tropopause using the wave period,
wavelength, and azimuthal direction of wave propagation obtained from the
observational data, the initial vertical wave vector computed from the dispersion
relation and appropriate atmospheric parameters. The effect of wind was taken
into account by considering the time-space transformation given by the Galilean
transformations of displacement vector, time, Doppler-shift of wave frequency,
and wave vector. The detailed description of group ray tracing computation
has been given in another article (Hung and Smith, 1978 a).

In the present paper, the neutral wind is treated as constant in each slab
of the atmosphere considered. The values of atmospheric parameters for each
altitude are calculated from the U.S. Standard Atmosphere (1962). The profiles
of the neutral winds are established using data from the following two sources:
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Fig. 4. Computed vertical wind profiles of meridional and zonal components at 2200 local time
(0300 UT), September 1975

September 1975 September 1975
local time =0100 local time=0100

(0600 UT) (0600 UT)
r 250 250 —

E E
g E

r 200 g g 200 _

a a
— 150 150 -

l l l I J I l 1_ l 1 4L

—75 -50 -25 0 25 50 0 25 50 75 100125 150
SOuthward wind Northward wind o Eastward wind
velocity (m/s) velocity (m/s) velocity (m/s)

Fig. 5. Computed vertical wind profiles of meridional and zonal components at 0100 local time
(0600 UT), September 1975

(1) wind profiles above 100 km altitude are computed from the atmospheric
wind model proposed by Kohl and King (1967); (2) at an altitude below 90 km,
wind profiles are obtained from meteorological rocketsonde data at Cape Ken-
nedy, Florida.

Figure 4 shows two computed vertical wind profiles from the Kohl and King
Model (1967) for zonal component and meridional component at 2200 local
time (0300 UT), September 1975. Figure 5 indicates two similar computed verti-
cal wind profiles from the Kohl and King Model (1967) at 0100 local time
(0600 UT), September 1975. The observed vertical wind profiles of meridional
and zonal components from the meteorological rocketsonde data at 1426 UT,
September 23, 1975, at Cape Kennedy, Florida are given in Figure 6.

The wind model proposed by Kohl and King (1967), however, started with
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Fig. 7. Wind profiles from altitudes of 70 to 120 km based on 25 sodium cloud experiments from
Wallops Island during the summer time

an artificial boundary condition for which the wind velocity is equal to zero
at altitude 120 km. To make up this discrepancy, wind profiles based on 25
sodium cloud experiments from Wallops Island (see West et al., 1977), from
altitudes of 70 to 120 km as illustrated in Figure 7, were used and faired into
meteorological rocketsonde data from Cape Kennedy and computed thermo-
spheric one based on Kohl and King’s model. “These wind profiles were also
checked with the four dimensional wind model (Justus et al., 1974a, 1974b)
used by NASA for spacecraft design purposes.

4. Sources of Waves

The reverse ray tracing is started at an altitude of ionospheric reflection height
with a frequency of 4.0125 MHz and continues as long as the calculation is
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Fig. 9. Trajectory of the computed reverse group ray path for the waves at time period 0500—0730 UT,
9—23—1975

possible to a lower limit of 10 km altitude or the altitude of tropopause. For
the purpose of the present study the geographic location of the point at which
the calculation is terminated is referred to as the probable source. The probable
source of acoustic-gravity waves are then checked with the actual physical fea-
tures, which is the meteorological observation of storm track of Hurricane
Eloise.

It is interesting to review the historical development of Hurricane Eloise.
Eloise moved off the coast of Africa as a weak disturbance on September 6,
1975. It then followed a steady westward path across the Atlantic becoming
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Fig. 10. Geographical map of the trajectory of computed source of waves at time period
0200—0340 UT, 9—23—1975

a tropical depression 600 km east of the Leeward Island on September 13,
was named a tropical storm and subsequently a hurricane north of Puerto
Rico on the 16th. The westward track carried the center or eye over eastern
Cuba and as it moved out over the water, Eloise became a tropical storm
once again. After crossing the northeastern tip of the Yucatan Penisula, Eloise
turned northward into the Gulf of Mexico on the lt reaching hurricane force
once more on the morning of the 22nd. By that evening, Eloise turned rather
abruptly northeastward towards the Florida coastline.

Figure 8 shows trajectory of the computer reverse ray path for the waves
observed during time period 0200—0340 UT, September 23, 1975, in terms of
height against horizontal distance. Figure 9 shows another trajectory of the com-
puter reverse ray path observed during the time period 0500—0730 UT, September
23, 1975 for the similar profile. Again the group ray paths in the horizontal
distance are projected in the map to show the geographical location of the
probable sources of waves.

Figure 10 shows the horizontal ray path and the geographical location of
the probable source of the wave which was detected in the ionospheric height
with receivers at Huntsville, Alabama, at 0200—0340 UT, September 23, 1975.
The computed location of the wave source is located right on the storm track
of the eye wall at 0600 UT, September 23, 1975. The calculated traveling time
of this wave from the probable source to the receiver at Huntsville, Alabama
was 88 min. Thus, in this particular case, the location of the wave source
was along the storm track and about 90 km distance from the storm center
or 4 h in advance of the location of the eye wall.

Figure 11 presents another geographical location of the probable source
of the wave which was observed at 0500—0730 UT, September 23, 1975. In
this case, the computed probable source of the wave is located right on the
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storm track of the eye wall at 0730 UT, September 23, 1975. The calculated
traveling time of this wave from the probable source to the receiver at Huntsville,
Alabama was also 88 min. Thus, the wave source was located along the storm
track of Hurricane Eloise, and about 80 km distance from the storm center
or approximately 3.5 h in advance of the location of the eye wall.

The determination of probable errors or ranges in the reverse ray tracing
computation due to the accuracy of the determining of the azimuthal angle
of wave propagation and horizontal phase velocity are rather standard. However,
it is not easy to determine the errors due to the uncertainty of the wind profiles,
in particular, the lacking of real time measurements of the thermosphere part
of wind profiles. Hung and Smith (1978 a) has estimated the probable errors
caused by double the wind velocity, reduce the wind velocity to half, rotate
90° the direction of wind velocity counterclockwise, and rotated 1800 the direc-
tion of the wind velocity for horizontal distance around 400 km and found
that, even under the situation as mentioned, the probable errors are within
i 12 km per 100 km of the horizontal distance. The total probable errors can

be estimated based on more than twenty cases of reverse ray tracing computations,
compared with physical features of storm data, that the computed probable
errors are less than $20 km per 100 km of the horizontal distance of ray
tracing in our cases. If the probable errors less than i20 km per 100 km of
the horizontal distance is taken into account, the location of the probable
sources of waves was around the outer layer of the wall cloud and 70 to
150 km distance from the storm center. This result agrees with outward propa-
gating gravity waves in the numerical model developed by Kurihara (1976)
in which the gravity waves excited around the inner layer of the wall cloud
propagate inward with a higher damping rate and the gravity waves developed
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around the outer layer of the wall cloud propagate outward with a low damping
rate.

In addition to the work by Georges (1976), Prasad et a1. (1975), Saunders
(1962), andMalkus (1960), Vonnegut et a1. (1966) using photographs from a
U~2 airplane flying over the thunderstorms, showed that convective overshooting
turrets rose above the anvil cloud and penetrated the tropopause. This may
suggest that the penetration of intense updrafts through the tr0popause could
be the wave generation mechanisms. Recent Skylab observations (Black, 1977)
based on stereophotographs taken from tropical storm Ellen also indicated
the overshooting turrets above the tr0popause in the wall clouds.

From a fluid dynamics point of View, Lighthill (1952, 1954, 1962, and 1967),
Townsend (1968, 1969), and Deardorff et al. (1969) show that gravity waves
can be generated by tongues of turbulence penetrating above the turbulent
convective zone. This suggests that the overshooting and ensuing collapse of
the convective turrets may be responsible for the generation of the atmospheric
acoustic-gravity waves. Recently, Shenk (1974) made extensive observations of
strong convective cells of severe storms using geosynchronous satellite data
and U-2 photographs. When the results of Shenk’s analysis are used in the
model proposed by Lighthill (1952, 1954, 1962, and 1967), waves with the
same periods as those waves associated with severe storms observed by the
Doppler array are excited (Hung and Smith, 1977 b). Furthermore, by using
relative cloud heights of hurricane wall clouds based on photographic enhance-
ment techniques computed from Skylab photographs (Black, 1977) and the
growth rate of turrets estimated by Fujita (1974), in Lighthill’s model, the
wave period in the range of 20 to 25 min associated with hurricanes in the
present observation can be generated. The detailed description of the wave
generation mechanism will be published in subsequent papers.

George (1960) reported that hurricanes tend to move toward the location
where the K-instability index 1 is a maximum with a higher index being related
to a higher moisture content and a higher temperature. Results of this study
seem to indicate that this is the location of the source of the waves. The
possibility of using a combination of these facts as a prediction technique will
be the subject of future investigations. This study suggests that the analysis
of ionospheric Doppler sounder observations of gravity associated with hurri—
canes, together with the study ofthe growth and collapse ofconvective overshooting
turrets based on satellite photographs, can contribute to the understanding
of the dynamical behavior of hurricanes.

Acknowledgment. The authors are indebted to R.E. Smith of NASA/Marshall Space Flight Center
for the discussions concerning this study. They also appreciate the support of present research
from the National Science Foundation and the US. Army Research Office through Grant NSF/
ATM75-15706.

1 Definition of K index is
K = (850-mb temp — 500-mb temp) +

(850-mb dewpoint) —(700-mb dewpoint depression)
which has been widely used by meteorologist to predict severe weather (George, 1960)
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On the Annual Wave of Hemispheric Geomagnetic Activity
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Abstract. A harmonic analysis of geomagnetic indices Kn and Ks introduced
by Mayaud (1967) yields a persistent annual wave in hemispheric activity
with a maximum near the summer solstice (northern hemisphere) or the
winter solstice (southern hemisphere). It shows up with nearly the same
phase for each of the five northern (or three southern) longitude sectors
on which the deduction of the hemispheric indices is based. The results
are in accordance with expectation derived from a modified hemispheric
modulation function as suggested by the annual amplitude variation of the
diurnal UT wave. Apparent discrepancies in the corresponding results for
the linear equivalent amplitudes an and as are shown to be due to an
increased amplitude scattering together with a residual of an incompletely
eliminated planetary 12-month wave in activity sequences.

Key words: Geomagnetic activity — Annual wave.

l. Introduction

The most prominent periodicities in the terrestrial modulation of geomagnetic
activity are the well-known semi-annual wave and the universal time (UT)
variation. Both effects are determined by the varying angle ß between the direction
of the solar wind flow and the earth’s dipole axis. The existence of a UT
variation and the terrestrial origin of the semi-annual wave have first been
stated by Bartels (1925, 1928, 1932) realizing that the dates of maximum activity
are in favour of the equinoxes rather than of the dates where the earth reaches
maximum heliographic latitude, thus indicating a purely terrestrial characteristic.

As a daily pendant of the semi-annual wave the UT variation for certain
observatories shows a diurnal component for the solstices and a semi-diurnal
component for the equinoxes (McIntosh, 1959). The existence of such universal
waves was further established by synchronization of appropriate geomagnetic
indices (Mayaud, 1967, 1970) and by the harmonic analysis method (Meyer,

0340-062X/78/0045/0081/$02.00
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1973, 1974) yielding results in the same form as expected from a modulation
function governed by the square-sine of the solar wind angle ß. This concept
holds true also for the annual amplitude modulation of the diurnal and semi-
diurnal waves in geomagnetic activity as far as the earth as a whole is concerned
(Damaske, 1976, 1977).

However, when treating separately northern and southern hemispheres the
amplitude of the diurnal UT wave turns out to be systematically shifted towards
higher (smaller) values in the respective meteorological winter (summer) half-
year. The effect has quantitatively been detected from a 14-year series of hemi-
spheric quasi-logarithmic indices Kn and Ks (Damaske, 1976, 1977) as well
as from the corresponding linear indices an and as (Damaske, 1978). It can
fully be accounted for by adding a constant angle ‚30 to the time-dependent
angle ß, with opposite sign on both hemispheres. If such an alteration is really
effective, the modified modulation function requires—besides the 6-month
wave—the existence of an additional 12-month wave in hemispheric activity
itself, due to the asymmetry between summer and winter half-years. The phase
of the annual wave in activity modulation is again opposite on both hemispheres
corresponding to a maximum at the respective meteorological summer solstice.
In fact, from hemispheric daily indices C912 and C95, i.e., ten-step quasi-logarith-
mic character figures derived from daily means of an and as by the same
conversion table as yields C9 from ap (Bartels, 1957; see also Siebert, 1971;
Damaske, 1977), a significant annual wave has been obtained with phase and
amplitude being in full accordance with expectation from the annual modulation
of the diurnal UT wave and the modified modulation function sin2 (ß+ßo).
For a detailed description including deductions of all formulas see Damaske,
1976, 1977.

If the disclosed concept of a hemispheric modification of geomagnetic activity
modulation is correct, the additional annual wave should appear also in the
separate sector values of K from which (after latitude standardization) the indices
an and as are calculated (Mayaud, 1968). Its amplitude is expected to be of
the same order of magnitude for each of the five northern sectors and the
three southern sectors as well, while the phase is being reversed on both hemi-
spheres.

The average annual variation for each separate sector using the sector values
after transformation into equivalent amplitudes has been calculated by Mayaud
(1977) with data from 1959 to 1974. In addition to the planetary activity modula-
tion following the square-sine of the angle ß which he refers to as the McIntosh ef-
fect, Mayaud (1977) interprets the results by two other components. The first
component has its maximum during the summer solstice of each hemisphere
and is assumed to be caused by additional activity, especially in the H-com-
ponent, around 15 h LT. This should give rise to a longitude-dependent ampli-
tude variation being largest on the meridian of the geomagnetic pole in each
hemisphere. The second component would correspond to a larger activity around
local midnight during the winter solstice than during the summer solstice. This
interpretation allows also for the anomalous phase reversal of the annual wave
which Mayaud finds for the South American sector. It is the purpose of the
present investigation to check by actual harmonic analysis the sectorial data
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with respect to amplitude and phase behaviour of the respective annual wave,
aiming at a better understanding of the origin of the hemispheric annual wave.

2. Results of Harmonic Analysis

Although the synchronization method is an approved and useful tool for the
detection of real periodicities, classical harmonic analysis offers a more accurate
investigation of amplitudes and phases of the various periodic components.
At the same time it permits to calculate the probable error for each single
harmonic, thus allowing a clear judgement of reality through an unobjectionable
test of significance.

For the analysis of geophysical time-series with respect to yearly periodicities,
i.e., annual waves and semi-annual waves or even higher harmonics, the funda-
mental interval is the period of one year. Usually the analysis is based on
the 12 monthly mean values per year. However, for problems of geomagnetic
activity, because of its recurrence tendency, it is more reasonable to start from
27-day means, instead. This leads to the methods of harmonic sequence analysis
(Meyer, 1973), where the fundamental interval is two years giving annual and
semi-annual waves as the second or fourth harmonic, respectively.

The results for the annual wave in 27-day means of sectorial K-values,
obtained from the eight biannual periods from 1959/60 till 1973/74, are shown
in Fig. 1 for all eight sectors. Especially marked on the dial are the days of
summer solstice (June 22) and winter solstice (December 22). The amplitude
scale is given in units of K. The probable error circle, defined by an exceeding
probability of 50% for the unknown “true” value (Bartels, 1932; see also
Meyer, 1974) is approximately the same for each vector and, therefore, is
presented only once around the origin. The phase reversal between northern
and southern hemispheres, as derived from the modified modulation function
sin2 (ß+‚ßo), is immediately apparent by the nearly opposite directions of the
five northern sector vectors Ni(i = I ‚2,3 ‚4 ‚5j and the three southern sector vectors
Sj(j=6‚7‚8). The ratio between the vector amplitude and the radius of the
probable error circle exceeds for most of them the 2.92 limit (corresponding
to a 0.27% exceeding probability) for a definite statistical significance. Only
the results for the central Siberian sector N2 and the South American sector
S8, when being judged separately, do not yet meet these rather pretentious
demands for significance. Nevertheless, since the directions of the vectors are
again in full accordance with expectancy for the respective hemisphere, their
reality need not be doubted, thus indicating the existence of an annual wave
on both hemispheres over the entire longitude range. The theoretical dates
of the annual wave maximum as deduced from the modified modulation fuction
sin2(ß + ‚30) are the two solstices. The observed phase for the northern hemisphere
corresponds to a maximum early in July, whereas in the southern hemisphere
the calculated annual maximum lies at about the middle of December.

In spite of the relatively large probable error circles of the single vectors,
a superimposed systematic amplitude variation, especially for the northern hemi-
sphere, cannot be excluded from the present results. If such an effect really exists,
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it would imply a longitudinal dependence of the sectorial annual wave amplitude.
Such a longitudinal amplitude modulation might well be described in connection
with the asymmetry of the polar oval which, on the other hand, is certainly asso-
ciated with fields and processes in the magnetospheric tail.

To further investigate the small but apparently systematic phase deviations
from the theoretical value, the scattering of the results for the annual wave has
been compared with the one of the corresponding results for the well-known semi-
annual wavecalculated from the same eight double-years from 1959 to 1974 (Fig. 2).
The notation of the eight vectors is the same as before. The amplitudes are
again given in units of K with the (average) probable error circle about the
origin of the dial. A11 vectors except the one for the sector S8 independently
reveal statistical significance. But as for the annual wave, the phase of the
vector 38 leaves no doubt on the real existence of a semi—annual wave also
in the South American sector. Moreover, the phases of all eight vectors closely
correspond to the expected days of maxima, i.e., the equinoxes. The good
agreement among the results for the sectorial semi-annual waves is also demon—
strated by the relatively small amplitude scattering. The average amplitude
amounts to about two-thirds of the one for the annual wave. (Note that the
scale in Fig. 2 is enhanced by a factor of two as compared with Fig. 1). Within
the scope of statistical accuracy this ratio agrees with the theoretical ratio
of 0.53 deduced from a value of ‚80: i 11° (Damaske, 1976, 1977).
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Fig. 2. Harmonic dial for the semi-annual wave in
quasi-logarithmic indices K (years 1959—19?4) for the
same longitude sectors as for the annual wave in Fig. l.
The amplitude scale is again given in units of K. The
theoretical times of wave maxima are the equinoxes

APRIL

The close correspondence of the average semi-annual wave phase with ex—
pectation from theory makes it necessary to look for a physical interpretation
of the perceptible phase deviation of the average annual wave. A harmonic
analysis carried out with altered boundaries of the fundamental interval and
leading to quantitatively the same results, ensures that the effect cannot be
caused by any superimposed non-cyclic variation. Fig. 3 shows that the system-
atic deflection of the annual wave vectors toward the left-hand side of the
harmonic dial is also present in the results obtained from the hemispheric
daily character figures C9}? and C93. The vector N for the northern hemisphere
indicates a wave maximum in the first decade of July. For the southern hemi-
sphere (vector S) the date of wave maximum precedes the theoretical time
at the winter solistice by approximately the same amount. The pure hemispheric
wave, which is clearly present in both vectors, can be obtained by making
use of the known phase reversal between the vectors for the two hemispheres.
Reversing the sign for one of them, e.g., the vector S, yields the average true
hemisphere annual wave N-S, while any other systematic components are
reduced. In fact, the phase of the vector N-S corresponds to a wave maximum
only three days after the solstices. Substracting this real hemispheric annual
wave from either vector N or S gives the total average vector N+ S. Though
still being statistically insignificant, it may well indicate the presence of another
(systematic) annual component, now with equal phase in both hemispheres.

Such a planetary annual wave can also be perceived in other type of data,
e.g., means of Ap (Siebert, 1971; see also Meyer, 1973). It is especially well
pronounced in the years 1959—63, i.e., during the declining branch of the solar
cycle 19. As has been shown by Meyer (1972, 1973), it is primarily present
in recurrent sequences of activity (i.e., sequences of daily values at intervals
of 2? days), with arbitrarily alternating phase corresponding to a wave maximum
at either one of the equinoxes. Hence, it is partially averaged out when monthly
or 27-day means are being analysed. The same morphology of an annual plane-
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tary wave in geomagnetic activity (with a maximum either in spring or fall)
has been found by Berthelier (1976) on the basis of 6years of indices Am
and AE, and which is attributed to the alternate polarity of the interplanetary
magnetic field.

A harmonic analysis of 27-day means of planetary daily character figures
C9n-i (derived correspondingly from the three-hourly am) for the years 1959-1974
yields a quantitatively similar average result (Fig. 4, vector M) as has been
obtained for the total average from both hemispheres (vector N+S in Fig. 3).
On inspection of the single results for double years which are spread preferably
into two opposite directions of the harmonic dial centered at about the dial
sectors for March and September (Fig. 4), it is evident that the planetary annual
wave has not yet been averaged out completely, even for a full solar cycle.
This finding makes it sure that the perceptible deflection of the hemispheric
annual wave vectors (N and S in Fig. 3) into the same direction of the harmonic
dial is indeed due to a non-vanishing residual of the planetary annual wave
in recurrent activity sequences. The reality of this residual is further supported
by the distinct conservation tendency for the single results in Fig. 4. The prevail-
ing phase of the sequential annual wave clearly corresponds to an autumnal
maximum throughout the years 1959—1966, then changing sign to a predominat-
ing spring maximum until at least 1974.
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The use of quasi-logarithmic indices implies that the amplitudes of the harmo—
nic components are less sensitive to the general activity level than the results
based on linear indices (Meyer, 1973). For the geomagnetic indices am, an,
and as the specific amplitude dependence of the diurnal and semi-diurnal UT
waves has been set forth in detail by Damaske (1978). As the activity level
is primarily governed by sources outside the magnetosphere, it should equally
influence the results for each of the eight sectors when equivalent amplitudes
instead of quasi-logarithmic indices are analysed. In particular, the planetary
12-month wave in single activity sequences should likewise affect the characteris-
tics of the hemispheric annual wave.

A harmonic analysis of 27-day means of sectorial equivalent amplitudes
derived from the sectorial K-values by the original conversion table of Mayaud
(1968), again for the years 1959—1974, yields essentially the same results for
the annual wave (Fig. 5) as from the quasi-logarithmic indices. Only the ampli-
tude scattering is noticeably larger, as expected from the above considerations.
And also the deflection of the vectors toward the left—hand side of the dial
is somewhat more impressed than for the corresponding results in Fig. 1, thereby
affecting especially the vectors with smaller amplitudes. On account of the
probable error circle and, in addition, regarding the single vector direction
in comparison with the direction of the others, the vectors N1 and N2 as
well as S8 in Fig. 5 have no statistical significance at all and thus on no account
may give rise to any peculiar interpretation.

For a special investigation of the vector S8 for the South American sector,
Fig. 6 shows once more the single results for the eight double-years from
1959—1974. The clear distribution of the vectors into two opposite dial sections
as well as the two group averages for 1959—1966 and 1967—1974 in connection
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with the conservation tendency, make it evident that the vector SB as a total
average must again be traced back to a non—vanishing residual of the planetary
12-month wave in activity sequences. There is no other systematic annual com-
ponent detectable in the available data, much less a significant phase reversal,
i.e., an annual wave with a maximum at the June solstice.
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3. Conclusions

A persistent annual wave in hemispheric magnetic activity, calculated from
quasi-logarithmic K—indices with data from 1959 to 1974, clearly exists for all
eight longitude sectors, in accordance with the modified modulation function
sin2(ß+ß0) deduced from the annual amplitude modulation of the diurnal
UT wave. In particular, the north/south phase reversal of the hemispheric annual
wave is definitely present over the entire longitude range. Apparent discrepancies
in the corresponding results from equivalent amplitudes a, especially for the
South American sector, are mainly due to a larger amplitude scattering, although
a superimposed systematic amplitude modulation cannot be excluded from the
present results. In addition, a small residual of the planetary 12-month wave
in recurrent activity sequences found by Meyer (1972, 1973) leads to a systematic
phase deflection (relative to the predicted phase) of the calculated hemispheric
annual wave. As long as the statistical error for the sectorial annual wave
vector is not reduced considerably, the deviations of any single sector result
should not give rise to the suggestion of additional mechanisms for an interpreta-
tion of the whole hemispheric annual wave.

The comparison between the annual results from (linear) equivalent ampli-
tudes and quasi-longarithmic indices anew illustrates the advantage of the latter
measure for the analysis of geomagnetic activity modulation with regard to
the study of solar-terrestrial relationships. Modulation amplitudes calculated
from quasi-logarithmic values are in general much less affected, if at all, by
the level of activity, therefore, yielding the more accurate results because of
a smaller scattering. Hence, if not investigating specifically the effect of a varying
activity level, preference should be given to quasi-logarithmic measures. Their
advantage is again demonstrated for the annual wave in the hemispheric daily
character figures C9n and C9s with all characteristics being in quantitative
agreement with expectation from the modified modulation function sin2(ß i 11°).
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Solar Electron Fluxes, Increased Geomagnetic Activity
and Ionospheric Absorption Following Selected Flares
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H—9401 Sopron POB 5, Hungary

Abstract. Investigations on the after-effect in ionospheric absorption follow-
ing selected solar flares are presented for the interval 1966—1969. By a super-
posed epoch analysis a significant after-effect was detected in night absorp-
tion data at 245 kHz on the circuit Kalundborg/Denmark—Kiihlungsborn/
GDR by using days of important flares (CFI=9—l6) with intense electron
fluxes (>40 keV) as key days. Further analyses have revealed some specific
details, namely that the most outstanding after-effects are related to central-
zone flares (30° E-30° W) of high importance, even when the associated
electron fluxes were lower than in case of outer-zone 30°—90° W-flares of
similar importance. An inverse test has implicitly confirmed these results,
and has also proved that not all of the intense geomagnetic disturbances are
followed by a significant after-effect.

Key words: Solar flares — Comprehensive Flare Index (CFI) — Flare posi-
tion — Flare-associated electrons —— Geomagnetic activity — Lower iono-
sphere — Absorption after-effect.

1. Introduction

Enhanced electron densities in the lower ionosphere (particularly in the D-region)
result in increased absorption of reflected radio waves. The anomalous increase
of absorption in winter—time may be attributed to electron enhancements of
“meteorological” type as it was first suggested by Dieminger (1952). The after-
effect, i.e., another type of increase of radio wave absorption at mid-latitudes
following certain geomagnetic storms has been attributed to energetic electrons
(>50 keV) precipitating from the earth’s outer radiation belt into the lower
ionosphere (e.g., Lauter and Knuth, 1967).

A recent study (Märcz and Verö, 1977) has found some connections between
after-effects in ionospheric absorption and PC l-type micropulsations. The latter
results are in agreement with explanations invoking the resonant scattering

0340-062X/78/0045/0091/$02.00
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by ELF waves as a reasonable mechanism responsible for the precipitation
of energetic electrons at mid-latitudes (e.g., Spjeldvik and Thorne, 1975).

The connection between electron precipitation and increased ionization in
the D-region has also been verified by coordinated experiments using satellite
measurements of electron fluxes and ground-based partial reflection data ob-
tained at Ottawa (Larsen et al., 1976).

In our earlier studies (Marcz, 1971, l973)—devoted to the latitude depen-
dence of the after-effect in ionospheric absorption as well as to the role of
the frequency differences of radio waves used—the superposed epoch analyses
of absorption data were carried out by selecting key days on the basis of
high geomagnetic activity. This had been a common procedure, also applied
in other investigations (e. g., Bourne and Hewitt, 1968) studying the phenomenon
on a statistical basis. The superposed epoch method has also been used in
the present study, key days, however, were selected according to other criteria.
Some additional aspects were considered, too.

As first step of these analyses days of occurrence of certain solar flare
events have been chosen as key days and expected variations have been traced
both in geomagnetic activity and in absorption during the post-flare period.
We intended to check whether any differences in the solar source of the magnetic
activity would be reflected in the appearance, or in any other parameters of
the absorption after-effect. Two main factors have been considered:

(a) The importance of the flare regarding both its electromagnetic and
particle radiation

(b) the position of the flare on the Sun’s visible disk.
Investigations carried out according to these aspects, as well as their results

will be presented in the following sections.

2. Solar Flares and Associated Electron Fluxes

Dodson and Hedeman (1971) have elaborated a system to characterize the
flare on the basis of the associated electromagnetic radiation. Their Comprehen-
sive Flare Index (CFI) is equal to the sum of five components:

CFI=A+B+C+D+E

where, A =importance of ionizing radiation as indicated by the accompanying
Short Wave Fadeout (SWF), or other SIDs (scale 1~3),

B =importance of H, flare (scale 1—3),
C =characteristic of the log of ~10 cm flux in units of

10’22 W m‘2 Hz‘l,
Dzdynamic spectrum events: type II = 1, continuum=2, type IV: 3,
E =characteristic of the log of ~200 MHZ flux in units of

10’22 W m‘2 Hz”.
The CFI can reach about 15—17 for flares which are outstanding in all

aspects of electromagnetic flare radiation. The flare-associated increase of ioniz-
ing electromagnetic radiation (directly affecting the ionosphere) is taken into
account by the A-component.
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During solar flares, however, the Sun is also a source of increased particle
streams of different energies. gvestka and Simon (1975) compiled a catalog
of solar particle events for the interval 1955—1969. Their particle data for the
second half of the sixties were mainly measured on spacecrafts beyond the
magnetosphere. The data coverage of this part of the catalog is sufficiently
complete due to the improved instrumentation of IMP satellites. Thus, in our
investigations we have used the data from 1966 to 1969.

For the forthcoming analyses the selection of suitable key days was based
on the following main condition: a flare should be taken into account only
if in addition to the increased electromagnetic flare radiation (experienced by
different ground-based flare monitoring) the associated particles had also been
observed on spacecraft at the near-earth space. In order to have a possible
homogeneous material only those events containing also electrons of >40 keV
energies were chosen. The CFI-index of the flare, i.e., the importance of the
associated electromagnetic radiation was also taken into account, as follows.
The electron fluxes selected from the catalog were grouped according to the
CFI-value of the corresponding flare. Four flare groups with the given ranges
of CFI have been established:

Group 1 : CFI = 0—4, weakly active (9),
Group 2: CFI = 5—8, moderately active (21),
Group 3: CFI = 9—12, quite active (17),
Group 4: CFI = 13—16, highly active (4).
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The values in brackets give the number of flares in the individual groups—in
cases of available electron flux data —for the interval 1966—1969. Finally, median
values of the appropriately grouped flux data have been determined, they are
presented as a function of CFI in Figure 1.

The median values of electron fluxes (>40 keV) lie approximately on a
straight line. (The broken line towards high CFI-values indicates the scarcity
of cases). Thus there is a logarithmic increase of electron fluxes with increasing
flare-associated electromagnetic radiation characterized by CFI. (To represent
the scatter of individual data, the upper and lower quartiles are given for
each group by dots and circles, respectively, in Fig. 1, where the number of
flux data from each satellite is also noted).

Figure 1 yields a rough estimation of flare-associated electron fluxes
(>40 keV) on the basis of CFI-indices. Taking into account this empirical
connection, the key days of the forthcoming analyses can be selected according
to the CFI-values, and by setting appropriate CFI-ranges the dependence of
the absorption after-effect on the flare importance can be traced.

3. Geomagnetic Activity and Ionospheric Absorption
Following Solar Flare Events

3.]. Dependence on Flare Importance

The particle effects can be detected more easily in the night absorption data,
since electron precipitation more frequently occurs in the midnight sector of
the auroral oval. Furthermore, the influence of the Sun’s electromagnetic radia-
tion on absorption vanishes after sunset, thus mixed effects can be restrained
when using night data. Therefore our analyses have also been based on night-time
ionospheric absorption data (Geophysikalische MeBreihen, Kiihlungsborn,
1966—67, and HHI Geophysikalische Beobachtungsergebnisse, 1968—69). The
Z Kp-values (Geomagnetic Planetary Indices, Göttingen, 1966—69) were applied
to characterize geomagnetic activity. In order to investigate the dependence
on flare importance, the data covering the interval 1966—69 were arranged into
two sets, and two independent superposed epoch analysis were carried out.

First, days of weakly and moderately active solar flares (CFI=0—8) with
associated electron fluxes were chosen as key days (O-days). In the left part
of Figure 2, the lower curve shows the changes in geomagnetic activity on
and around the selected key days. On the average the maximum activity occurs
on the third day following the flare. It surpasses the reference level by about
30%. In case of the ionospheric night absorption (upper curve) the mean depar-
tures from the appropriate monthly medians are small and they fluctuate around
the reference level, i.e., do not show a significant effect.

There is, however, a drastic change in the picture when days with solar
flares qualified as quite active and highly active (cf. Section 2) are set as key
days in the superposed epoch analysis. (These solar flares of CFI=9—l6 were
associated with intense electron fluxes. During the intervals after key days further
smaller flares only occasionally occurred, but they were not accompanied by
electron fluxes). In the right part of Figure 2 the peak of geomagnetic activity
appears again on the third day following the selected flare events. The EKp-



Geomagnetic and Ionospheric Parameters Following Selected Flares 95

-2 0+2+4+5 +6440 —2 0+2 +4 45+6+IO

llllllllllllllAL[lllllllllllllN

TKUhfungsba'n 245m: "0 if") f
as 3: L9
3 6~ it?
e 4 c is

2-

0..

‘2;
[7:27

24: (”‘2
20~ -" k.

._ .JPJ 11's.“...n
15~7h¢—'————————

I

‚2 [i v

IllllltllLllll IlllllllllllLJ
-2 0*? +4 +5 +8 +70dqys -2 0+2 +4+5oc9 +i0days

Fig. 2. Mean departures of ionospheric night absorption (245 kHz, Kiihlungsborn: gogwt 254°03’N.
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lines) around key days (0) selected on the basis of solar flares associated with electron fluxes
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03:30) were weakly, or moderately active (CFI=0—8) and were associated with small electron
fluxes. In the right part: the solar flares (n=21) were quite active, or highly active (CFI=9—16)
and were associated with intense electron fluxes

average is about 50% higher than the reference value. A simultaneous maximum
in ionospheric absorption corresponds to the “primary storm effect”. A few
days later, the geomagnetic activity approaches its normal level, but the iono-
spheric night absorption remains above normal. This can be interpreted as
an after-effect most likely caused by particle precipitation (Lauter and Knuth,
1967). It should be mentioned, however, that increased concentrations of NO+
(at the expense of hydrated ions) could also be observed in the D-region during
a certain post-magnetic storm period in winter (Aikin et al., 1977). Thus compo-
sition changes might occasionally contribute to the post-storm increase of elec-
tron density, although electron precipitation should be regarded as the dominant
factor.

The confidence of the latter results was checked by a xz-test. As null hypo-
thesis it was assumed that the number of positive and negative departures
from the median is equal. The observed distribution of absorption departures
determined for all intervals following the key days (between days “+ 1" and
”+10") have been checked against this null hypothesis by the x‘i-test. The
positive departures for the ionospheric night absorption (245 kHz) in the right
part of Figure 2 proved to be significant at the 99% confidence level.

3.2. Dependence on Flare Position

A connection of the great magnetic storms with the longitudinal position of
the intense flares on the visible solar disk has been known since several decades



96 F. Märcz

Ü +2 +4 +5 +8 +70 +72 O +2 +4 +5 +8 +70 +14?
rrlltlritillllAL{%)IIIIIIITIT1TT1Kamngstm 245 we '18 _ALJW _1955-1959Hi 6 —

Ü
_

-4 _

28:02:;

M(I) CF}

I||Irri =12

IJllllllLlllll lllllllllllll]
g +2 +4 +5 +3 +10 +12 days 0 +2 +4 +6 +8 +10 +12 days

Fig. 3. Mean departures of the ionospheric night absorption from the corresponding monthly me-
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the western outer-zone on the visible solar disk (30°W—90°W). In the right part: the solar flares
were located in the central-zone on the visible solar disk (30°E—30°W)

(e.g., Newton, 1944). The association has been found to be much closer in
case of central-zone flares than in case of outer-zone flares.

The analyses to be presented in this section intended to clarify whether
a dependence of magnetic activity on flare position would be transferred into
certain changes of the absorption after-effect. Therefore, magnetic and absorp-
tion data investigated in the previous section were additionally grouped on
the basis of the longitudinal position of flares. Flare position has been depicted
in relation to the Sun‘s central meridian, wherein three zones (east, central
and west) have been distinguished. Each zone covers a longitude range of 60°.
Consequently, the flares are denoted within the zones as

90°E to 30°E: E-flares
30°F to 30°W: C-flares
30°W to 90°W: W-flares.

According to this classification, the 51 flare events used for setting key
days in the previous section (cf., Fig.2), have included only 2 E-flares, but
20 C-flares and 29 W-flares. Excluding the two E—flares, the absorption and
magnetic data analyzed in Section 3.1 were divided into two subsets (central,
or west). This was separately done for flares of lower (CFI:0—8) and of higher
(CFI =9—16) importance.

The results of superposed epoch analyses carried out with these four groups
of data are presented in Figure 3 (for CFI:0—8) and Figure 4 (for CFI:9—16).
C-flares of lower importance can be followed by a rather moderate absorption
increase, while no effect occurs in case of the corresponding W-flares, as shown
in Figure 3. It becomes obvious that central-zone flares of high importance
(Fig. 4)——associated with high geomagnetic activity—play the major role in the
significant absorption after-effect found in the right part. of Figure 2 (As proved
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by a xz-test, the positive departures in the right part of Fig. 4 are only significant
at the 90% confidence level, this, however is conceivable because of the smaller
number of data, n28, compared with those in the right part of Fig. 2).

4. Summary and Discussion

Before summarizing the results of this study and presenting additional ones
some basic ideas should be advanced. We accept that the absorption after-effect
can be attributed to excess ionization which is most likely caused ba particle
precipitation following the enhanced geomagnetic activity, as found by earlier
investigations (e.g., Lauter and Knuth, 1967). Furthermore, for the interpretation
of our results we also would like to use the considerations about the mechanism
of electron precipitation (e.g., Spjeldvik and Thorne, 1975) including the radial
diffusion of electrons towards lower L-values after an appropriately intense
geomagnetic disturbance, as well as wave-particle interactions. As regards the
solar flare electrons ( > 50 keV) it is known that they can enter the magnetosphere
along connected (interplanetary and geomagnetic) field lines and appear in
the tail of the magnetosphere with little delay after the flare (Anderson, 1970).

The present analyses have provided some informations on the flare-associated
characteristics of the absorption after-effect, as additional factors with respect
to the solar source of both the particles and the magnetic activity have also
been taken into account.

Following important flares (CFI=9—l6) a significant absorption after—effect
has been shown in the right part of Figure 2 (On the basis of earlier experiences
this result could have been expected in advance.) Actually, more complex
analyses have also revealed that the characteristics of the absorption after-effect
depend—besides the flare importance—on flare position as well (Figs. 3 and
4). In case of C—flares, e.g., the after-effect is preceded by a primary storm
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effect. Furthermore, it appears that the major magnetic disturbances attached
to central-zone flares (and especially to the important ones) result in the most
effective particle precipitation which consequently causes a significant after-effect
in ionospheric absorption. (Important W-flares—CFI=9—l6—are followed by
a rather moderate after-effect). Thus in case of central-zone flares, we can
suggest a certain proportionality in the sequence of processes, namely between
those originating from the solar source and the terminal ones causing the effect
in the lower ionosphere.

The latter results seem to be in contradiction with some earlier findings
which have indicated that particle precipitation is not always connected to
the major geomagnetic disturbances (Lauter and Knuth, 1967; Märcz, 1973).
As the following test should confirm both versions might be true, depending
on different circumstances.

The test is based on key days chosen from the same 1966—1969 interval,
for their selection, however, a geomagnetic criterion was prescribed: Z Kpg25.
Additionally, in order to have an independent test, days with particle events
of the catalog of Svestka and Simon (1975) were excluded. Altogether 10 major
magnetic disturbances have fulfilled the selection criteria. Mean departures of
the ionospheric absorption (245 kHz) from the corresponding monthly median
are shown on and around the selected key days in the lower part of Figure 5.
For the rather moderate after-effect the following explanation can be given.
Seven out of the ten selected magnetic disturbances were preceded by correspond-
ing solar flares of importances of Sb, 1b, 3b, or 2n (according to the dual-
importance scheme adopted by the International Astronomical Union). In any
case, only two flares out of them were located in the central-zone of the solar
disk and all remaining ones were observed in the outer-zones. Thus, the results
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Table 1. Classification of flare-associated electron fluxes (> 40 keV) observed on spacecrafts between
1966 and 1969. (The flux data were selected from the catalog of Svestka and Simon, 1975)

Flare position 90° E—30°E 30° E—30°W 30° W—90°W Flare
East-flare Central-flare West-flare importance

Number of cases 1 12 17 CFI —0—8E1. (cm2 s ster)‘1 median value (600) 200 160
_

Number of cases 1 8 12
E1. (cm2 s ster)’ 1 median value (100) 325 1750 CFI _9_16

of the test implicitly hint at the outstanding role of the central-zone flares
in the after-effect. In addition, the results have shown that the intense magnetic
disturbances are not always followed by a significant absorption after-effect.
Certainly, this also occurred in cases included in the test as the increased mag-
netic activity was connected with outer-zone flares.

Finally, Tablel presents some parameters of the 51 flares with electron
fluxes (>40 keV) investigated in the previous sections. Both flare position and
flare importance have been taken into account for the classification. The scarcity
of observed electron fluxes in case of E-flares is due to the general spiral
structure of the interplanetary magnetic field which guides the flare particles.
Consequently, electrons emitted from the eastern outer-zone on the solar disk
have only a little chance to encounter the earth. The opposite is true for the
western outer-zone flares, what is confirmed by the corresponding number of
cases in Table 1. Median values of electron fluxes connected with important
flares (CFI=9—16) are rather different; they depend on the flare position as
shown in Table 1. After all, although the fluxes were more intense in case
of W-flares than in case of C-flares, the geomagnetic activity was higher and
the absorption after-effect more significant following C-flares (cf. Fig. 4). This
stresses again the clear relationship between events connected with central-zone
flares and the investigated effect.
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The H Amplitude of Sudden Commencements
of Magnetic Storms at Sabhawala (Dehra Dun)

A.R. Jain* and N.S. Sastri
Indian Institute of Geomagnetism, Colaba, Bombay 400 005, India

Abstract. The storm sudden commencement (SSC) amplitude in H is invari-
ably much larger at Sabhawala, in Northern India, than at the neighbouring
low—latitude stations. Examination of ten-year data shows that the ratio of
the amplitude at Sabhawala to that at Alibag is persistently higher than
unity, on an average about 1.5, both during day and night. The abrupt
increase in amplitude from the nearest station, Jaipur, to Sabhawala indicates
that neither ionospheric nor magnetospheric currents are directly responsible
for the enhancement of the amplitude at Sabhawala. Considering the behavi-
our of SSC amplitudes in the three components, H, Z, and D at Sabhawala,
subsurface electrical conductivity is shown to be the most likely source
and the direction of anomalous induced current is determined to be westward.
The high conductivity regions may possibly be following the trend of the
Himalayas.

Key words: Sudden commencements of magnetic storms — Induced currents
- Electrical conductivity anomalies.

The sudden commencement of a magnetic storm, SSC, appears at mid- and
low-latitude stations as a sudden increase in the geomagnetic horizontal com-
ponent, H. Individual SSCs observed simultaneously at different stations all
over the world show a considerable local time inequality. A systematic change
in the shape of SSCs exists with geographic longitude at higher latitudes, though
the shape is more or less the same for any event in low latitudes (Obayashi
and Jacobs, 1957). Of the six Indian magnetic observatories with over a decade
of data collection, three are in the equatorial electrojet belt and two are at

* Present address: Radio Science Division, National Physical Laboratory, Hillside Road, New
Delhi l 10 012, India
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Table 1. Location of the Indian Observatories and Mean SSC(H)

Station Geographic Dipole Dip Mean SSC(H)
in nT

Latitude Longitude Latitude Longitude
Day- Night-
time time

Trivandrum 8°29’N 76°57’ E l.2°S 146.4° —O.9° 441-4 27i 2
Kodaikanal 10° 14’N 77° 28’E 0.6°N l47.1° 3.0° 39i 5a 33 i 3°l
Annamalainagar 11° 22’ N 79° 41’ E 1.4° N 149.4° 5.4° 44 i 4 34 i 3
Hyderabad 17° 25’N 78°33’ E 7.6°N 148.9° 20.7° 28 i2 30i 3
Alibag 18°38’N 72° 52’E 9.5°N 143.6° 24.3° 27:2 29i 3
Ujjain 23°11’N 75°47’E 13.5°N 147.0o 32.7° —— —
Jaipur 26° 55’ N 75° 48’ E 17.3°N 147.4° 39.4° — —
Sabhawala 30° 22’N 77° 48’ E 20.8°N 149.8° 482° 36i 3 46i 4

a For Kodaikanal, the day-time events are 23 and the night-time events are 27 only, due to
non-availability of published data for the years 1968 and 1969 and also because only prominent
events are reported in the Bulletins of this observatory

low latitudes; the sixth is the northernmost observatory in the country, situated
near Dehra Dun in the Himalayan foothills. Two magnetic observatories were
recently started between Alibag and Sabhawala. The locations of these observa-
tories, which are within a narrow (about 7°) longitudinal range, are given in
Table 1. The Table also contains the average amplitude in H of about 40 day-time
and 50 night-time SSC events, generally recorded at all the six older observatories
during the period 1964—1973.

The amplitude at low-latitude stations from Hyderabad to Sabhawala is
expected to be nearly constant. But, surprisingly, SSC(H) at Sabhawala is large
compared to that at Alibag and Hyderabad. During the night-time, SSC(H)
is comparable from Trivandrum to Alibag. But, at Sabhawala, it remains large,
and even larger than the day-time amplitude; however, the difference between
the day and night amplitudes is not statistically significant.

Mean SSC(H) at different stations, normalized with respect to the amplitude
registered at Alibag, is shown in Fig. 1a as a function of dipole latitude, sepa-
rately for the day- and night-time events. Mean of SSC(Z)——SSC amplitude
in the vertical component Z —is also similarly plotted in Fig. 1 b. The wellknown
day-time enhancement of SSC(H) in the electrojet belt (Sugiura, 1953 and
others), evident in Table 1, is clearly seen in Fig. 1a, as also the persistence
of the high ratio at Sabhawala. While the former is attributed to the enhancement
of the equatorial electrojet at the time of SSC (Jacobs and Watanabe, 1963;
Rastogi, 1976), the latter cannot be attributed to the currents in the ionospheric
E—layer because persistently high values of SSC(H) are observed both during
the day and the night.

Mean amplitudes of five SSC events recorded at Ujjain and Jaipur between
May and December, 1975, as well as the mean values for the same events
for Trivandrum, Annamalainagar, Alibag and Sabhawala, are also plotted in
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Fig. 1a and b. Plot, over dipole latitude, of
(a) the ratio of sudden commencement,
SSC, amplitude in the horizontal .
component at a station, AHSTN, to the 08 l l l
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Full circles and solid line for day-time
events and open circles and broken line for
night-time events. Mean values for the five
recent events are shown by full triangles
and open triangles for the day-time and
night-time events respectively. (TV:
Trivandrum; K0: Kodaikanal; AN:
Annamalainagar; HY: Hyderabad; AL:
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Fig.1, normalized SSC(H) in (a) and only SSC(Z) in (b). Figure 1a shows
a sharp increase in the ratio from Jaipur to Sabhawala and the variation over
the latitudes is not smooth. This is not expected if the amplitude variation
were mainly due to magnetospheric currents.

In contrast to the normalised SSC(H) curve in Fig. 1 a, there is little difference
between day- and nigh-time variations of SSC amplitude in Z with latitude.
The influence of the overhead currents on SSC(Z) is therefore slight. As seen
from the mean values for the five recent events in Fig. 1b, mean SSC(Z) from
Alibag to Jaipur remains the same, whereas there is an abrupt increase at
Sabhawala. Such anomalous differences in SSC(Z) at neighbouring stations
are commonly attributed to variations in the distribution of sub-surface electrical
conductivity (Rikitake, 1966). SSC amplitudes in Z as large as those at Sabha-
wala are observed at the equatorial stations, Annamalainagar, Kodaikanal,
and Trivandrum. The anomalously large variations at different periods at these
equatorial stations are under investigation at present and some preliminary
results have been reported (for example, Srivastava et al., 1975 and References
therein). Rajagopal et a1. (1976) have attributed the anomalous Z variations
at Annamalainagar and Trivandrum to the complex nature of the subsurface
electrical conductivity and also channelling of induced currents through the Palk
Straits, a shallow channel separating the tip of the Indian Peninsula from the
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island of Sri Lanka. A similar explanation may also be valid for large SSC(Z)
at Kodaikanal since it is in the same peninsular region. Sabhawala, however,
is about 1,600 km inland from any coast and is not affected by the same
processes.

The departure of SSC amplitudes in H and Z at Sabhawala from the expected
values at low to mid-latitudes is noticeable when these are compared to the
corresponding amplitudes at Alibag and Hyderabad. Normally SSC(Z) at low
latitudes is expected to be small in the absence of induced subsurface currents.
Since SSC(Z) at Alibag as well as Hyderabad is small, the induced anomalous
part in SSC(H) and declinational component, SSC(D), may reasonably be
assumed to be small and hence the amplitude of SSC at these stations can
be considered normal. A plot of SSC(H) against SSC(D) at Sabhawala for
all the night-time events is given in Fig. 2a. Taking an average of the amplitudes
at Alibag and Hyderabad, a similar plot of the average SSC(H) against average
SSC(D) for the night-time events is shown in Fig. 2b. Regression line of SSC(D)
on SSC(H) as well as the mean horizontal vector is shown in both the diagrams.
The two plots are similar, with almost the same slope for the regression line.
The mean vector at Sabhawala is, however, considerably larger in magnitude
than the mean vector in Fig. 2b. This indicates that induced part exists in
both SSC(H) and SSC(D) at Sabhawala.

SSC amplitude is measured as deviation from pre-storm level. In any com-
ponent the average of SSC amplitudes at the two stations, Alibag and Hydera-
bad, may reasonably be taken as the normal amplitude. The difference, for
any event, between this average and the corresponding amplitude at Sabhawala
is assumed to be the anomalous induced part. In the case of Z, the total
amplitude is taken to be anomalous since the average of SSC(Z) at Alibag
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Table 2. Induction coefficients in the three components

Coefficient H Z D

A 0.6i0.1 0.5i0.1 —0.li0.03
B —0.2 i 0.5 —0.5 i 0.3 0.2: 0.2

and Hyderabad is small (zO) and is not correlated with the anomalous part
at Sabhawala in any of the three components. If Xn represents the normal
part of component X, as observed at Alibag and Hyderabad, the anomalous
part at Sabhawala, XazX—Xn. Then, using the equation (Schmucker, 1970):

X,=Ax Hn+Ba+8x

where 8x is the uncorrelated part, A’s and B’s are evaluated for each of the
components H, Z, and D. These together with their standard errors are given
in Table 2.

The sign for B’s is opposite to that of A’s because the change in declination
is westerly when SSC occurs. AH and AZ are comparable within error limits.
This suggests that, at Sabhawala, the induced part of SSC(H) is considerably
large. AD, though small, is statistically significant. The horizontal disturbance
vector determined from the anomalous parts of H and D is about 10° west
of north, almost the same as the direction of the mean vector in Fig. 2. This
indicates that the subsurface induced currents may be flowing westwards about
10° south of west (Schmucker, 1969). AZ and BZ determine the induction vector
and its direction, determined by tan“ 1 (Bl/AZ) measured clockwise from south,
indicates the direction of current concentration (Untiedt, 1970). It varies between
about 10° and 60° east of south; this wide variation is due to the large standard
error of BZ.

The results suggest the existence of an anomalous induced part in all the
three components of the SSC amplitude at Sabhawala which is situated in
the Himalayan foothills. The anomalous induced currents are indicated to flow
approximately from east to west and the current concentration, in a good
east-west conductor, is to the south-east of Sabhawala. Schmucker (1969) made
a detailed study of the conductivity anomaly with special reference to Andes
and inferred that anomalous induced currents are channelled into a high conduc-
tivity zone which follows the general trend of the mountain range. The Himalayas
have a similar geological history to that of the Andes. Therefore, it is likely
that regions of high subsurface conductivity, where the induced currents flow,
may follow the trend of the Himalayan mountain range. However, a systematic
magnetic array study in the neighbourhood of Sabhawala is required to deter-
mine the depth and extent of the conductive feature.
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Crustal Structure of the Reykjanes Ridge at 63°N
Derived From Seismic Measurements

M. Snoek and S. Goldflam
Institut für Geophysik, Bundesstr. 55, D-2000 Hamburg 13, Federal Republic of Germany
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In 1976 the Institute of Geophysics of the University of Hamburg performed
seismic measurements as part of a Presite Survey program for DSDP/IPOD
LEG 49. Due to bad weather conditions only one split profile of about 60 km
was obtained, at Site 409. The shots were recorded on F.S. Meteor by means
of one moored telemetric buoy developed in the IfG Hamburg; one Ocean-
Bottom-Hydrophone (OBH) was deployed. For the experiment explosives be-
tween 5 and 50 kg GEOSIT were fired at an average spacing of 0.820 km.

All seismograms were digitized, a 25 Hz lowpass filter was applied. For
the calculation of ray path the time terms were corrected to sealevel. Differences
in the intercept times between observed and calculated travel times made it
necessary to introduce a thin sediment layer. Knowing the depth of the ocean
floor from continuous echoprofilings, we calculated a set of possible sediment

Table 1. Structure section and interpretation

Depth Velocity
(km) (kms‘ 1)

1.48 water
0.8 ..........................................

1 .56 sediments
1.0 ..........................................

4.30 vesicular basalts
2.0 ..........................................

5.35 fresh basalts
3.5 ..........................................

6.59 gabbro, metabasites
6.8 ..........................................

7.86 mantle material

0340-062X/78/0045/0107/$01.00
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Fig. 1. Upper part : seismogram section in reduced time scale t-(x)/6. Middle: observed insets (crosses)
and calculated travel times. Lower part: crustal section with calculated ray paths, P-wave velocities
are given in kms’l

velocities and thicknesses. The chosen velocity (see Table l) is in good agreement
with the velocity measurements in the sediments of Site 409 (Sharman, 1978).

Local dips as well as true velocities of the overlaying layer were taken
into account to calculate configuration and true velocities of the underlaying
layer. The boundaries of the layers were shifted vertically until observed and
calculated travel time had the same value. Due to good fits an additional
correction of travel times for local undulations of the layers was not necessary.
Our final model is to be seen in Table l and Figure 1. Layer boundaries are
almost horizontal except for the interface layer 2/3, where there is a slight
rise in direction of Iceland.

Interpretation

We introduced a calculated sediment layer with a P-wave velocity of 1.56 kin/s
and a thickness of 0.190 km below the OBH. Drilling results gave evidence
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of an 81.5 m thick sediment layer with measured velocity of 1.57 km/s, the
oldest aged late Pliocene. A thin sediment coverage with rapid variation in
thickness as indicated by reflection profiles is consistent with the tectonic nature
of an active ridge crest. The sediments are underlain by basaltic rocks with
measured compressional wave velocities of 3.7—5.75 km/s (Sharman, 1978). We
distinguish two refractors with P—wave velocities of 4.30 and 5.35 km/s, inter-
preted as vesicular to fresh basalts, thus corresponding to layer 2A and 2B
(Houtz and Ewing, 1976). The next deeper refractor with a velocity of 6.59 km/s
is interpreted as layer 3, associated with gabbros and metabasites, frequently
dredged and drilled from the oceanic crust (Peterson et al., 1974). The mean
P-wave velocity of layer 3 according to Christensen and Salisbury (1975), is
6.73 i 0.19 km/s and the thickness is about 3 km for a young crust, i.e., younger
than 2 my.

Our deepest refractor with a value of 7.86 km/s for the P—wave is considered
to be the crust-mantle boundary. Depth and velocity of this refractor as well
as the thickness of layer 3 suggest an interpretation as upper mantle velocity.
In comparison to the other existing refraction seismic results of the Reykjanes
Ridge and the Reykjanes Peninsula (Talwani et al., 1971 ; Björnson et al., 1972),
this value is high, but we think our calculation and interpretation is well backed
by the good quality of the seismograms.
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help, D.Voppe1 and H. Closs for their support, the German Science Association DFG for the
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W.H. Munk, G.J.F. MacDonald: The Rotation of the Earth. A Geophysical Discussion. Cambridge,
London, New York, Melbourne: Cambridge University Press. First published 1960, reprinted with
corrections 1975. 323 pages, 57 figures. L 6.80 net in UK.

Nachdem wir die Zeit nicht mehr an der rotierenden Erde, sondern an Atomuhren ablesen,
dienen astronomische Zeit- und Polhöhenbestimmungen der Messung der Rotationsschwankungen
als Indikator geophysikalischer Prozesse auf und in der Erde: “In our subject the Earth is a
geophysical laboratory, not a timekeeper”. Damit ist “The Rotation of the Earth”, erstmals 1960
erschienen und 1975 praktisch unverändert neu gedruckt, in weiten Teilen auch heute noch aktuell.
Ob sich der Wert dieses Standardwerkes durch Einarbeitung neuer Daten wesentlich verändert
hätte, ist eine müßige Frage. Immerhin haben die Verfasser einige Folgerungen aus der damals
noch nicht geborenen Plattentektonik vorweggenommen, indem sie aus der Vorstellung einer “ turbu-
lence of continents”, einer statistisch verteilten Relativbewegung von 21 Blöcken, Wirkungen auf
Chandler wobble und Tageslänge abgeschätzt haben. Das Ergebnis ist interessant: Diese Bewegungen
sind für die dekadischen Schwankungen der Tageslänge nicht verantwortlich zu machen, weil dabei
260ma1 größere Polverlagerungen resultieren würden, die nicht beobachtet werden. Das Gleiche
gilt für den Effekt von Erdbeben auf die Variationen des Chandler wobbles, der um 4 Größenordnun-
gen zu klein ist. Neuere Daten, wie Spektren der Rotationsschwankungen und der erdmagnetischen
Säkularvariation, bestätigen nur, was sich den Verfassern aus älterem Material an Zusammenhängen
andeutete.

Wie der Untertitel sagt, handelt es sich um eine geophysikalische Diskussion, die allerdings
auf sehr solidem Fundament ruht. Mit diesem muß sich der Leser zunächst vertraut machen.
Es ist kaum zu vermeiden, das Buch von vorn gründlich zu lesen, ein etwas mühsamer Einstieg,
der sich jedoch lohnt. Die ihrer Natur nach komplexen, anschaulich kaum faßbaren Zusammenhänge
zwischen Pollage, Wobble, dem Deformationsverhalten des Erdkörpers (Love-Zahlen), Schwankun-
gen der Tageslänge, den verursachenden Anregungsfaktoren (Gezeiten, Luftmassenbewegungen,
Meeresströmungen, Änderungen der Trägheitsmomente durch Eis, Grundwasser usw.) sind in einer
mathematisch eleganten, an Durchsichtigkeit kaum zu übertreffenden Darstellungsweise behandelt.
Alle erreichbaren Denkansätze zur Deutung der beobachteten Rotations- und Polhöhenschwankun-
gen werden besprochen und damit der Rahmen fixiert, in dem sich auch künftige Überlegungen
vollziehen müssen, wenn ad hoc-Spekulationen vermieden werden sollen. Insbesondere die dekadi-
schen Schwankungen der Tageslänge fordern angesichts ihrer großen Amplitude und relativ hohen
Frequenz die Geophysik heute wie vor 18 Jahren heraus. Pollage, Chandler wobble und Rotations-
schwankungen sind über die Anregungsfunktionen gekoppelt, wodurch über die Natur der verursa-
chenden Vorgänge, wie z.B. Abschmelzen von Eismassen, Aussagen möglich sind: “The pole of
rotation is a remarkably sensitive indicator of the source of melted water”. So bleibt ferner zur
Erklärung der dekadischen Rotationsschwankungen nach heutigem Wissen allein eine elektromagne-
tische Kopplung zwischen Mantel und turbulenten Bewegungen im Kern übrig: “... we have found
the faintest of hints in the magnetic data that motions in the core are associated with the twentieth
century wiggle”; mehr konnten die Verfasser 1960 nicht sagen. Heute könnte lediglich das Wort
„faintest“ gestrichen werden.

Das Buch ist in 12 Kapitel eingeteilt. Die ersten 6 Kapitel behandeln die mathematisch-physikali—
schen Grundlagen der Präzession, Nutation und Polhöhenschwankungen, ferner die fundamentalen
Gleichungen (Euler, Liouville), Bezugssysteme, Deformationen, Love-Zahlen und Lösungen der
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Liouville-Gleichung. Die zweite Hälfte des Buches ist den Beobachtungen von Breite und Tageslänge,
den kurzperiodischen Rotationsschwankungen, dem Chandler wobble, den säkularen und dekadi—
schen Variationen der Rotation gewidmet, wobei alle denkbaren Ursachen ausführlich besprochen
und in ihren Wirkungen quantitativ abgeschätzt werden. Bemerkenswert ist, daß die nicht auf
Gezeitenbremsung beruhenden Variationen auf eine Abnahme der Tageslänge seit 2000 Jahren hin—
deuten, und daß die kurzperiodischen (dekadischen) Fluktuationen der Tageslänge von gleicher
Größenordnung sind wie die Variation seit der Zeit der Ägypter. Aber: “A remarcable feature
ist that the astronomical observations prior to 1800 show no trace of these short-period fluctuations.
Indeed, these constitute an enigmatic phenomenon”. Dies gilt auch heute, l8 Jahre seit dem Erst—
druck.

Das letzte Kapitel „Geological Variations“ läßt den zeitlichen Abstand allerdings fühlbar werden.
Plattentektonik, Paläomagnetik und Satellitenbeobachtungen würden viele der hier behandelten
Fragen, wie z.B. Polwanderung, in ganz anderem Lichte erscheinen lassen.

Trotzdem muß man froh sein, daß dieses Standardwerk durch den Neudruck wieder verfügbar
wurde. Freude macht übrigens auch der exzellente Stil des Textes, ein Musterbeispiel für die beson-
dere Eignung der englischen Sprache zur kurzen und prägnanten Formulierung wissenschaftlicher
Sachverhalte. Und schließlich kommt auch der Humor nicht zu kurz. Man lese u.a. die Fußnote
S. 56/57, die mit der Feststellung schließt: “ . .. After seventy years, the government in Washington
still refuses to recognize the existence of the equatorial bulge”. Die Vorgeschichte kann daselbst
nachgelesen werden. K. Strobach, Stuttgart
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Original Investigations

Electron Density in the South Atlantic
Anomaly Region

M. Noor Sheikh*, K. Rawer, and E. Neske
Fraunhofer-Institut für physikalische Weltraumforschung, Heidenhofstraße 8, D-7800 Freiburg
Federal Republic of Germany

Abstract. Since an increased particle flux was found in a well—defined region
in the South Atlantic, AEROS-B electron density measurements of August
1974 were checked for a similar effect. During daylight no particular influence
could be found, for quiet as well as for disturbed conditions. During night
the Atlantic longitude sector shows greater electron densities, but there is
no well-defined disturbance area as found for the particle flux.

Key words: Ionosphere — South atlantic anomaly.

The aeronomy satellites Aeros-A and -B were both Sun-synchronous in polar
orbits covering a height range between about 220 and 800 km (Lammerzahl
and Bauer, 1974). The instrumentation comprised an EUV-spectrometer, a re-
tarding potential analyzer and an impedance probe, both for plasma diagnostics,
and two mass-spectrometers, one of which analyzed natural ions and neutrals
alternatively. On the night side the EUV spectrometer recorded keV electrons.
A remarkable increase of this corpuscular radiation was found to occur in
the South-Atlantic, centered at about 30° S, 320° E (Knoll et al., 1977). The
extension of this phenomenon was approximately by 15° in latitude and 30°
in longitude on either side.

Since there are no ionosonde stations in this oceanic region, we found it
worthwhile to look for corresponding features of the thermal plasma population
in the data obtained in August 1974 with the impedance probe (Neske and
Kist, 1974) aboard the satellite Aeros-B. At low and middle latitudes the local
time at the satellite was almost constant at 3h30 on the night side and 15h30
at the day side. To show typical results for day time we present days no 213
(1 August) and 215 (3 August). 1 August was magnetically quiet with Kp-values
l and 2. A sudden commencement occurred at noon UT on 2 August starting
a magnetic disturbance which reached its maximum (Kp=6+) at the end of
3 August. Thus day 215 was during a developing disturbance.

* Present address: Department of Electrical Engineering University of Engineering & Technology,
Lahore, Pakistan
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Since the upper ionosphere has a longitude effect, mainly due to the magnetic
field, the question arises With which latitudes the South—Atlantic data should
be compared at other longitudes. The same problem occurred in the past when
world-wide mapping of the peak electron density was asked for. In 1967, to
this end, the Comité Consultatif International des Radiocommunications
(C.C.I.R.) adopted a particular coordinate proposed by Rawer (1963). This
“modified dip” coordinate (abbreviated to “modip” u) is defined by

tan u: I/]/ cos g0

where go is geographic latitude and I magnetic inclination (as measured in
radians): Modip essentially equals dip in the equatorial region but comes to
geographic latitude near the (geographic) poles.

Using this coordinate let us first consider the sunlit hemisphere, around
15h30 LT. Figures l and 2 show the electron density curves measured during
different satellite passes. The general density increase towards North is due
to the satellite orbit: On these days the apogee was between 72° and 76° S
(geographic) so that the perigee occurred on the night hemisphere at high north-
ern latitude. In the range presented in both Figures the satellite was going
down towards the peak altitude of the ionosphere, which was reached around
80° N (geographic). The curves of Figs.1 and 2 are therefore oblique cuts
in height and latitude (modip).

In order to correct for the effect of variable satellite height, we should
transform the measured data to a fixed altitude. This can be done with a
standard profile as reference. We took as such a model established (mainly
with ALOUETTE data) by Bent and Llewellyn (1970), which uses as independent
variables; magnetic latitude, solar activity, but also peak density and altitude,
these latter being deduced from the C.C.I.R. numerical maps. Taking the relative
change with height from the model, observed densities at a given altitude can
be transformed to another altitude (Noor Sheikh et al., 1978). In such a way,
Fig. 3 was obtained from Fig. 1 for an altitude of 700 km, in the modip angle
range —40° to —20° (where the South Atlantic anomaly occurs). No important
differences in electron density are seen between the different passes except that
pass 247 at longitude 262 E has the steepest gradient. Pass 244 which had
a longitude of 333°, just in the anomaly, shows no particularity. Thus, a remark-
able anomaly effect on the electron density does not occur during a quiet
day.

On the disturbed day 215 we meet a totally different situation. Figure 2
shows that depending on the development of the disturbance, there was a drastic
increase of electron density in the equatorial belt (so-called positive perturba-
tion). This increase was, however, not seen at all longitudes, only in the far
East (145° and 97°) and in Europe/Africa (2°), not in the near East (49°) and
in the Atlantic (315°). This could reveal a development in time of the disturbance,
but it is also known that increased ionization can occur in isolated longitudinal
shells. In any case there is no specific effect occurring at Atlantic longitudes
only.

We conclude that no appreciable anomaly effect could be found in daytime,
neither for quiet nor for disturbed conditions.
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situ measurements. Day: 213, 1974
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Fig. 4a—d. Peak electron densities (fall curves) deduced from Aeros-B measurements (averages for
August, 19M), at night, for the following selected longitude ranges: 3 America, b Atlantic, e
Eurasia, d Pacific. Broken curves: C.C.I.R. prediction for comparison

At night the satellite was slightly above peak altitude in the South Atlantic
zone. After reduction to peak altitude our data allowed to establish typical
monthly median variations for different longitude ranges. Modip was again
used as coordinate in Fig. 4. The absolute density values are highest in the
American longitude zone, but it is difficult to identify a particular effect in
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the South Atlantic. An interesting point is the bifurcation near the dip equator,
which is a typical low latitude day-time phenomenon. This occurs only at Ameri-
can longitudes as reported by Knudsen and Sharp (1968). The phenomenon
might be related with the excentricity of the terrestrial magnetic field but, if
so, is not centered in the South Atlantic but more a general feature of this
longitude.

Discussions and Conclusions

Gledhill (1976) has summarized electron density measurements in the anomalous
region. Some workers find a minimum and others a maximum at the location
of the lowest magnetic field intensity on a given L-shell. As a possible explana-
tion, two competing processes were proposed, namely ionization by the precipi-
tated electrons tending to increase foF2 and heating of the atmosphere tending
to reduce it by increased recombination. Our measurements show no remarkable
enhancement in the South Atlantic region at altitudes around 700 km during
daytime. At somewhat lower altitudes at night the American longitude zone
has increased electron density, without a particular enhancement above the
Southern Atlantic. It may be that the idea of a “conjugate F-region enhance-
ment ” (Pike et a1., 1968) could give an explanation. At any case the well-defined
zone of the corpuscular anomaly (Knoll et al., 1977) is not privileged in electron
density.
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Inversion of Satellite Magnetic Anomaly Data

M. A. Mayhew
Geophysics Branch, NASA Goddard Space Flight Center, Greenbelt, Maryland 20771, USA

Abstract. A method of finding a first approximation to a crustal magneti-
zation distribution from inversion of satellite magnetic anomaly data is
described. Magnetization is expressed as a Fourier series in a segment of
spherical shell. Input to this procedure is an equivalent source representation
of the observed anomaly field. Instability of the inversion occurs when high
frequency noise is present in the input data, or when the series is carried to
an excessively high wave number. Preliminary results are given for the
United States and adjacent areas.

Key words: Magnetic anomalies — Crustal magnetization — Equivalent
source.

Introduction

The polar-orbiting satellites OGO 2, 4, and 6 collected total-field magnetic data
at elevations above 400km. A preliminary anomaly data set was created by
selecting data with minimal external field effects, and by subtracting a 13th
degree spherical harmonic representation of the core field fit to this data subset.
Regan et a1. (1975) published a 1°-average representation of the anomaly field
for a strip around the world between 50°N and 50° S, and described the data
reduction procedures.

This paper is a review of a simple method for finding a first approximation
to a crustal magnetization distribution which will produce a field which repro—
duces the measured satellite field. The term “crust” is used loosely to mean a
layer bounded by the Earth’s surface and the Curie isotherm, and may or may
not correspond to the petrologic crust in a given area.

Modeling the Anomaly Field

The anomaly data set is contaminated by noise of three main kinds: (1)
instrument noise, (2) local current effects, and (3) very long wavelength effects

0340-062X/79/0045/01 19/350200
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Fig. 1. Satellite magnetic anomaly profiles; locations shown in Figure 2. Row 1, raw anomaly data.
Rows 2—5, anomalies with corrections described in text. Ordinate units are nT

due to magnetosPheric ring currents. The third effect has been described by
Langel and Sweeney (1971). Cain and Davis (1973) modeled this effect as a first
zonal harmonic, which they fit to individual satellite passes between SOON and
5008 geomagnetic. Figure 1 is three groups of three passes in profile form; the
tracks are shown in Fig. 2. Within each group the satellite elevations are similar,
and thus the profiles should be similar. The raw anomaly data is shown in row
1; clearly, residual long wavelength effects are present in the individual profiles.
Row 2 is “ring-corrected" data. The correction generally improves the internal
agreement, but a substantial residual remains, and some further correction is
needed. This residual is partly responsible for the north-south elongation of
anomaly contours, reflecting the satellite tracks, in the world map of Regan et a1.
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Fig. 2. Location of profiles shown in Fig. 1

(1975). The result is effective high frequency noise in the east-west direction. In
rows 3 and 4 linear and quadratic functions, respectively, have been fit to the
individual profiles and subtracted. In row 5, a first zonal harmonic term has
been fit only over the latitude range shown. The internal agreement is greatly
improved in each case, but seems slightly better for the quadratic fit; therefore, a
quadratic function was fit to and subtracted from each profile used in the
computations described below.

The data is distributed through a considerable elevation range, but we would
like to be able to represent the field at an arbitrary constant elevation. For this
reason, and to average out instrumental and transient current effects, the
anomaly field was modeled by an equivalent source procedure. This consisted of
setting out an array of dipoles at the Earth’s surface in a 4° latitude-longitude
grid, and determining a set of moments for the dipoles which would generate an
artificial field which would make a least-squares best fit to the data; the
mathematics is outlined in the Appendix. The dipoles were oriented along the
direction of the main field, although simply to model the field this direction is
not critical. The input data was limited to the elevation range 400—550 km. The
fit of the computed field to the data is to a standard deviation of about lnT.
Once the dipole moments are determined, the field can be computed at any
elevation; a computation at 450 km is shown in Fig. 3. Fig.4 shows the fit of
observed and computed fields for an arbitrary selection of profiles running
between 10°N and 50°N in the area of Fig. 3.

The input field to the inversion procedure outlined below must be smooth.
Since the equivalent source field fills this requirement, it, rather than the raw
anomaly data, was so used.
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Fig. 5. Anomaly field at 450 km computed from magnetization distribution of Fig. 6. Units are nT

Magnetization Distribution

The set of magnetic moments determined in the equivalent source computation
vary irregularly, and have no particular physical significance. One approach to
developing a physically meaningful model of the magnetic source distribution is
to seek a continuous distribution of magnetization in a layer of constant
thickness which will give rise to a field which closely fits the input field. The
result is a first approximation to gross magnetization variations in the magnetic
crust. The procedure is similar to that for the equivalent source computations
described above, but with two essential differences. First, the sources are 2°
blocks 40 km thick, rather than dipoles. An approximate source function was
developed for the anomaly due to such spherical prisms (see Appendix). Second,
rather than allowing the moments of the sources to vary independently, their
magnetizations were specified by the value of a double Fourier series in latitude
and longitude having terms of the form

Aij - (cos, sin) (271: ix/X) - (cos, sin) (21tjy/Y). (l)

The unknown parameters in the least-squares formulation are then the constants
of the series, rather than the magnetic moments of individual sources. Map areas
40° by 40° were treated individually. The equivalent source field, tapered to zero
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Fig. 6. Magnetization distribution from data of Fig. 3. Units are 10‘1Am‘1
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Fig. 1'. 1° average anomaly data (left) and magnetization distribution (right) from inversion of this
data. Units are nT (left) and 10‘1Am‘1 (right)

4° beyond each map border, was used for input. The Fourier series was
expressed within the extended area; thus, in expression (1) above X = Y=48°.

Once the series parameters are determined, the field can be computed at
arbitrary elevation. The result at 450 km is shown in Fig. 5, which is to be
compared with Fig. 3. The magnetization distribution itself is shown in Fig. 6.
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There is a particular advantage to having the data so high above the sources.
An individual source block has very nearly the same anomaly as a block twice
the thickness and half the magnetization; thus, one can readily convert the
model of magnetization variation in a layer of constant thickness to variations
in a layer of variable thickness where there is independent evidence on the
thickness of the magnetic crust.

‘

Sources of Instability

High frequency components of the field tend to be strongly amplified on
inversion. Two examples of difficulties of this type are discussed below.

The map on the left in Fig. 7, a test area in the Indian Ocean, was made by
averaging corrected data within the elevation range 400—550 km over 1° squares;
average data generally contains high frequency noise contamination. The south-
ern part of the map is in high magnetic latitudes, and external field noise is
present along the southern border. The map on the right is the result of an
inversion in which these components have evidently been exaggerated, produc-
ing a characteristic cell-like structure.

Figure 8 shows a second kind of problem. There is an obvious question of
how large the maximum wave number in the Fourier representation of magneti-
zation can be. Figure 8 shows the results of computations for maximum wave
number 3, 4, 5 and 6. An equivalent source representation of the anomaly field
computed at 450 km over a 2° grid was used as input. The maps in the top row
are the magnetization results; shown below are the corresponding amplitude
spectra. Note that while the low frequency part of the spectrum does not change
very much, for m= 5 and 6 increasing energy is entering the high frequency part.
Apparently spurious effects appear in the corresponding magnetization maps. It
would seem, then, that for an area this size the maximum appropriate wave
number is 4, despite the fact that the fit of input to computed values continues
to improve with expanding series, as indicated by the standard deviation values.
The result suggests the limits of source resolution with this method. m=4
corresponds to a minimum wavelength of roughly twice the elevation of the
data. The results of Fig. 6 were computed for m=5, which corresponds to about
the same minimum wavelength because the map area is larger.

Acknowledgements. This work was done as part of the NASA-US. Geological Survey program for
interpretation of satellite magnetic data. W.M. Davis of USGS has been largely responsible for
preparation of the data set used in this study. The author was supported by a Research Asso-
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Appendix

Equivalent Source Field

We seek an expression for the potential of a dipole located at a point j on the Earth’s surface at
some external measurement point i. Specify the coordinates as (13,9141)J.) and (möbqöi) where r is
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radial distance, 6 is colatitude, and 45 is longitude east.

where lij is the distance between i and j.

2_ 2 2lij—rj +1;- —2rjr,cosCij,

where Ci]- is the central angle between i and j, and

cos {U- = cos 6]. cos 6i + sin 6}. sin 6,. cos(d)i — 45).

The components of m]. are

(mjsin I,mJ-cosIcosD,mJ-cosIsin D),

where I and D are inclination and declination of the dipole, taken to be that of the main field vector
at the dipole.

Differentiation and substitution yields

V..=m ((r—rA)sinI+cosIcosD—r CcosIsinD)/l.3l] ij’

where

A =cos 6}. cos 9,- +sin 9}. sin 9,. cos(d>i — q.)
B =sin 6}- cos 6, — cos 6]. sin 6,. cos(cj>i — (pi)
C = sin 0,. sin ((15,. — qöj).

The gradient ofV inthe total field direction is the anomaly in the total field, expressed as m GU,
where Gij is the pure geometrical part of the anomaly.

The anomaly due to all the dipoleslS

E=iGij.
j

Using a procedure outlined by Cain et a1. (1967), we determine a set of values for the mj which will
minimize the square residuals between observed and computed F over all points i.

Field due to Spherical Prism of Elemental Area

Proceeding from the dipole result, we write down an expression for the potential of a volume element.

1
dV..=—(J‚(rj——1;.A)+J9riB—J‘ßriC)rj2 sin Bdjdqdrj,U 1.3.

where (J„J0‚J4‚) is the magnetization vector.
Then integrating in the r direction, and replacing the infinitesimal angles by small finite angles

gives the potential of a spherical prism of elemental area,

R2

AVij=Jrsin6jA6qö lIJ—jdr}
R1 lij

R2 ,2
+(——J r.9A+JrB——J¢7}C)Sln0jjAB 4451 Rll—sdr’j

where (R 2—R1)=4O km, the approximate “crustal” thickness used in this paper. Experiments with
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computations have shown that the A9 and Ad) can be taken to be 2° in the above expression, and
still give an excellent approximation to the field of a prism with finite angular dimensions.

The integrals above are given by Gradshteyn and Ryzhik (1965); the expressions are fairly
lengthy, and are not reproduced here.
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The Effect of Earth Structure on Radial Oscillations
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Canberra, A.C.T. 2600, Australia
2 Computing Research Group, Australian National University,
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Abstract. Quasi-periodic variations observed in the spacings between suc-
cessive eigenfrequencies of radial oscillations and of spheroidal oscillations
of PKIKP type are produced by the inner and outer core discontinuities and
by the transition zone in the upper mantle. The individual effects of these
regions have been separated by modelling experiments. The inner and outer
core boundaries cause persistent oscillations in the eigenfrequency spacings,
having periods (with respect to overtone number) of about 5.5 and 2.4
respectively. The oscillation produced by the upper mantle transition zone
has a period of about 8. A discontinuous upper mantle causes a persistent
oscillation of this kind, while that produced by a continuous upper mantle
decays with increasing overtone number. In principle, differences between
continuous and discontinuous upper mantle models are detectable in the
currently observable eigenfrequency range. The analysis shows that the
extent of presently available data is insufficient to determine structure at the
core boundaries within adequate limits.

Key words: Radial oscillations — Earth structure — Eigenfrequency spacing.

1. Introduction

Anderssen, Cleary and Dziewonski (1975) have shown that the observed periods
of the Earth’s free oscillation modes „SO and „S, exhibit an oscillatory behaviour
consistent with the existence of a solotone effect (cf. McNabb et al., 1976).
They attributed this behaviour to the presence of the core discontinuities, but
did not explore the extent to which the observed periods of these modes contain
information about the detail of the discontinuities.
* Present address: Institute of Earth Sciences, Academia Sinica, P.O. Box 23—59, Taipei, Taiwan,
R.O.C.

O340-062X/79/0045/0129/$O3.40



|00000138||

130 C. Wang et al.

6.205 k r .

/5%5 epi J

Shear

Wave

Velocity

(km/sec)

600
j F l L l 1, r; J

0 580 620 2886

Depth (km)

X10"3 6.75

A

8
Q

6.70

C:
.9
'O

CU
‘—V 6.65

v-i

IO:
‘

I
Io" 6'60

T
I

6.55,41111111IJLILLLiiiliiiiliiiilliiiLimiiliiiLlJULl
40 50 60 70 80 90 100

n

Fig. l. Comparison between amplitudes of the solotone oscillations corresponding to a discontinuity
(dashed line) and to a transition layer (solid line), respectively, at 600 km depth (where „0—1 is a
torsional eigenfrequency)

It is clear from observations of short-period reflections from the core-mantle
and inner-outer core boundaries that the changes in elastic properties at both
boundaries are abrupt. On the other hand, little is known at present about
lateral variations in the radii of the boundaries, although there has been
speculation about variations of both short and long wave length in the radius of
the core-mantle boundary (cf. Hide and Horai, 1968; Hales and Roberts, 1970;
Haddon, 1972; Chang and Cleary, 1978). If such variations were present, it
would be expected that the globally-averaging properties of spheroidal and
radial oscillations would result in observed periods similar to those of a
spherically symmetric Earth with transition regions at the core boundaries.

Transition regions in the Earth are important structural features, but their
effect on the Earth’s free oscillations has not yet been examined in sufficient
detail. However, at least for torsional oscillations, it is clear that in this case the
solotone effect is modified such that its amplitude decreases with increasing
overtone number. This is a consequence of the fact that the amplitudes of waves
reflected from transitions of finite width decrease as the frequency of the incident
wave increases (cf. Wolf, 1937). This point is illustrated in Fig. 1.

Since (Anderssen et al., 1975) the differential equation for radial free oscil-
lations can be written as a Sturm-Liouville system of the type examined by
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McNabb et a1. (1975), the above results should remain valid for radial oscil-
lations. Anderssen et al. (1975)'showed that the spacings between observed
radial (and, for l=1, spheroidal) eigenfrequencies of successive overtone num-
bers contain an oscillatory component. In this paper the effects of the core-
mantle (C/M) and inner-outer core (I/O) boundaries, and of the crust and upper
mantle structure, on radial oscillations are studied, in order to confirm that
results for torsional free oscillations are applicable to radial oscillations, and to
provide a general basis for further Earth modelling.

Anderssen et a1. (1975) also showed, in their Fig. 1, that the spacings between
observed normal modes and between the corresponding eigenfrequencies of
model 1066A or 1066B (Gilbert and Dziewonski, 1975) have some minor
differences. We have examined the sensitivity of these differences to changes in
the structure of the core boundaries, and the possibility of obtaining further
information of the Earth’s structure from the observed radial normal modes.

We restrict attention to radial oscillations, since they correspond to vertical
PKIKP rays with no P/SV conversion at interfaces. The results show that each
of the structural regions considered produces an oscillation of a particular
period in the spacings between eigenfrequencies of successive overtone numbers.
The period is determined by the location of the region, whereas the amplitude of
the oscillation is closely related to the velocity and density contrast across the
region and decreases at a rate related to its width.

2. Terminology

2.1. „37, Curves

The effect of Earth structure on free oscillations is exhibited in the spacing of
eigenfrequencies. Therefore, any parameter which depends on the overtone
eigenfrequency spacing will reflect the effect of Earth structure. For fixed
angular order number I, one such parameter is ")7,(K)=7r/[n +1a,(1c)—,,al(K)],
where „al(K) are the eigenfrequencies of any of the (ScS)H, (ScS)V, PKIKP, and JV
sequences (Anderssen et al., 1975; Gilbert, 1975). This parameter was first used
by Anderssen, Cleary and Dziewonski (1975) and has the advantage that, when
l is small, the baseline for the "mm-n curve yields a reliable estimate of the
radial travel time for PKIKP waves (from oscillations of PKIKP type, such as
radial oscillations) or for S waves between the surface and the core-mantle
boundary (from oscillations of SH or SV type, such as torsional free oscil-
lations). Since we are dealing here mainly with free oscillations equivalent to
PKIKP waves, for brevity we simply use „37, for „371 (PKIKP) and „a, for „a,
(PKIKP) except where otherwise stated. It should be noted that the parameter
„37, differs slightly from the parameter „y, defined by Anderssen and Cleary
(1974), which also yields a valid estimate of radial travel times.

In order to examine the effect of Earth structure on n71» its values are
normally plotted as a function of n. This paper is concerned mainly with the
effects on ")7, of discontinuities and transition layers. These effects occur as
oscillations in the ,5, curves, which are described in terms of amplitude (in units of
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seconds) and frequency (in cycles per unit n) or period (in units of n, i.e.
dimensionless).

2.2. Magnitudes of Discontinuities and Transition Layers

We define a transition layer as a spherically symmetric region of limited
thickness in the Earth’s interior, in which the density and the compressional and
shear wave velocities are monotone functions of depth. It is clear that a
discontinuity is the limiting case where a transition layer has zero thickness. In
order to .be consistent with normal terminology, however, we will restrict the
term ‘transition layer’ to regions of finite thickness.

The radial oscillations are equivalent to vertically incident PKIKP waves. If
the results for torsional eigenfrequencies are applicable to radial oscillations, the
amplitude of the oscillation in the n yo curve caused by a discontinuity is related
to the reflection coefficient for these waves at the discontinuity, which in turn is
related to the magnitude of the discontinuity which is defined as the absolute
value of the reflection coefiicient for vertically incident P waves, i.e.,

lp+d+-p‘oc“l/(p+a++p‘oc‘) (1)
where (p+ , oc+) and (p‘, of) are pairs of density and P wave velocity on opposite
sides of the discontinuity. This can be generalized to the case of a transition
layer. Since the reflection coefficient for these waves at a transition layer is
closely related to the contrast in the acoustic impedance (product of density and
velocity) at the two ends of the transition layer (cf. Wolf, 1937), we define the
magnitude of a transition layer to be (1), where (p+, 05+) and (p‘, a‘) denote the
pairs of density and P wave velocity values at the two ends of the transition
layer.

Let R(a)‚ d) denote the absolute value of the reflection coefficient for waves of
angular frequency a) normally incident at a transition layer with thickness d.
Then R(a)‚ d) approaches (1) as a) approaches zero, and, generally speaking,
R(a)‚ d) decreases as a) increases. The rate of decrease is closely associated with
d: the larger d, the more rapid the decrease in R(co,d) (cf. Wolf, 1937). This
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implies that, for waves with wavelengths much greater than d, the transition
layer can be treated as a discontinuity, while the reflection of waves with
wavelengths much smaller than d at the transition layer is negligible.

3. Effects of Core Boundaries

The effects of the I/O and C/M boundaries will be studied by systematic
replacement of either or both of the I/O and C/M discontinuities by linear
transition layers as shown in Fig. 2.

3.1. Earth Models Used

Models 1066A (Fig. 3A; Gilbert and Dziewonski, 1975) and HOMO (with
homogeneous mantle, outer core and inner core; Fig. 3B), and a set of models
derived from them by systematic replacement of either or both the l/O and
C/M discontinuities by linear transition layers, are used in this section.

Model 1066A is continuous except at the crust-mantle, I/O and C/M
boundaries, where the discontinuities in density and elastic wave velocities are
large. It has been confirmed by numerical experiments that, compared to the
effects of the core boundaries, the effect of the crust-mantle discontinuity on the
radial oscillations is negligible for 1066A. It is therefore not necessary to take its
existence into account. For convenience the Earth models derived from 1066A
are referred to as ACn, where ACn contains a linear transition layer ACx of
thickness x at the C/M boundary and a linear transition layer AIy of thickness y
at the I/O boundary. Model ACOIO corresponds to 1066A. Some other examples
of ACn are shown in Fig. 3A. Although it is known from the observations of
short period reflections such as PcP and PKIKP that the changes in elastic
properties at both core boundaries are quite abrupt, for the purposes of this
investigation models with transition layers of several hundred km at the core
boundaries have been included.

The simple model HOMO was constructed from model PEM (Dziewonski et
a1., 1975) by taking the average values of density, P and S wave velocities for the
mantle (including the crust), the outer core and the inner core, in the sense that
total mass and the P and S wave radial travel times are preserved. The models
derived from HOMO are referred to as HCn, where HCn, like ACn, is a
model with a C/M transition layer of thickness x and an I/O transition layer of
thickness y.

3.2. Results

Our results show that the ")70 curves for models 1066A and HOMO contain, for
high overtone numbers (say, n>20), two distinct oscillations with periods of 5.5
and 2.4, which are produced by the I/O and C/M discontinuities respectively. If
either of the discontinuities is replaced by a linear transition layer, the amplitude
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of the corresponding oscillation decreases as the overtone number n increases.
The rate of the decrease is closely related to the thickness of the transition layer:
the thicker the transition layer, the more rapid the amplitude decrease. This is
related to the above-mentioned property that, for a fixed value of d, R(co‚ d)
decreases as a) increases. We now discuss separately the effects at the core
boundaries.

3.2.1 Effect of a Discontinuity 0r Transition Layer at the I/0 Boundary. Figures 4
and 5 show the „370 curves constructed from ACn and HCn, respectively, with
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varying thickness y. The „370 curves in the right-hand column of each figure
contain, for n;20, an oscillation with period 5.5. Except for small n, these
curves have a negligibly small C/M boundary effect, because the C/M discon—
tinuity has been replaced by an 800 km transition layer. They are much simpler
than those in the left-hand columns, where the discontinuity has been retained.

In both Figs. 4 and 5, when y=1=0 the amplitude of the oscillation with period
5.5 in the "370 curve decreases with increasing n, and the rate of the decrease is
closely associated with the value of y. In addition, there is a close agreement in
behaviour, as y increases, between the corresponding curves in Figs. 4 and 5. For
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column) and 800 km (right column)

3/2200 km, the decrease in the amplitude of the oscillation is restricted to the
range O§n§20, except for a slowly-decreasing ripple (with a period of about 8)
in Fig. 4, which is produced by the transition zone in the upper mantle of
1066A.

It is therefore clear that the oscillation in Figs. 4A and 5A having a period
of 5.5 arises from the I/O discontinuity. It follows that the oscillation having a
period of 2.4 in the left-hand columns of Figs. 4 and 5 is produced by the C/M
discontinuity, since in both 1066A and HOMO the only two dominant struc-
tural features which can cause large amplitude oscillations in the „370 curves are
the I/O and C/M discontinuities.
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3.2.2. Eflect of a. Discontinuity or Transition Layer at the C/M Boundary. Figures
6 and 7 show "77,, curves contructed from models ACn and HCn, respectively,
with varying x values. The effect of the I/O boundary on the „370 curves in the
right columns of Figs. 6 and 7 is greatly reduced when n is large, since it is
replaced by a 300km thick transition layer. For r1320, these ”17,, curves contain
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an oscillation with period 2.4. As the C/M transition layer is extended to
800 km, the amplitude of this oscillation is significantly reduced. It can therefore

.be identified as the effect of the C/M transition layer.
As x increases, the change in the form of the „370 curves is more complex for

ACn than for HCn. The character of the change common to both 1066A
and HOMO is: when x=0 (i.e., the C/M boundary is a discontinuity), the
oscillation with period 2.4 is persistent (cf. Figs. 6A and 7A), whereas when x 4:0
(i.e.‚ the C/M boundary is a transition layer), the amplitude of this oscillation
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decreases with increasing n (cf. Figs. 6D through 6G and 7B through 7G). The
rate of decrease is closely related to the vaue of x.

In addition, the character of the change for ACn has the following two
properties: (i) The amplitude of the oscillation with period 2.4 increases with
increasing x (cf. the right-hand curves of Fig. 6B through D for the range
10§n§30). This increase corresponds to an increase in the magnitude of the
C/M transition layer when x is increased. Such an increase in magnitude will
occur for most existing Earth models. The dependence of this magnitude on x is
shown in Fig. 8 for models 1066A, 1066B (Gilbert and Dziewonski, 1975), B497
(Dziewonski and Gilbert, 1973, Appendix Al), PEM (Dziewonski et a1., 1975)
and C2 (Anderson and Hart, 1976). (ii) The amplitude of the oscillation with
period 2.4 increases with increasing n for certain values of x; in particular, for
n:> 10 when x=50km, and for 10<n<45 when x: 100 km. Its connection with
any special characteristic of the C/M boundary is unknown.

Because of (i) and (ii), the decrease (with n) of the amplitude of the oscillation
with period 2.4 is much slower for ACn than for HCn.

4. Effect of the Crust and Upper Mantle Structure

From Sect. 3 it follows that a discontinuity or a transition layer will produce in
the „370 curve an oscillation with a particular frequency determined by its
position. The oscillation produced by a discontinuity is persistent, whereas the
amplitude of the oscillation produced by a transition layer decreases with n at a
rate closely related to the thickness of the transition layer. In this section the
effect of crust and upper mantle structure on the „370 curve will be discussed
based on this conclusion.
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The upper mantle (extending from the base of the crust to a depth of about
1000 km) is the region where the density and P and S wave velocities are most
complicated and where the existing Earth models differ most. These Earth
models can be divided into two classes: those containing a discontinuous upper
mantle, which generates a persistent oscillation in the „370 curve, and those
containing a continuous upper mantle, which generates an oscillation with
decreasing amplitude. To illustrate, the effect of the continuous upper mantle of
1066A and that of the discontinuous upper mantle of 1066B are compared in
Fig. 9. The „370 curves for models 1066A and 1066B (constructed from the same
set of geophysical data) are also compared in Fig. 10.

The oscillation corresponding to the upper mantle structure has a period of 8
(approximately). Except for discontinuities, the effect of upper mantle structure
on the „370 curve is mainly restricted to n§20 (Fig. 9). Therefore, for n>20, the
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oscillation only corresponds to the upper mantle discontinuities and rapid
transition layers. For example, the slowly-decreasing ripples marked by arrows
in Figs. 4 and 6 arise from the transition region in the upper mantle. Since the
discontinuities and rapid transition layers generate oscillations with similar
periods, their individual properties cannot be separated. Thus the effects of the
421km and 671 km discontinuities in model 1066B combine to form an oscil-
lation with period 8 (Figs. 9 and 10).

For torsional oscillations, it has been shown in Wang (1978, Ch. 6) that the
amplitude of the solotone effect corresponding to a discontinuity in the upper
mantle or crust is proportional to kl sin(t1 n/oc) while the period of the solotone
effect is tilt/f1, where k1 is the reflection coefficient at the discontinuity for
normally incident SH waves, and t1 and or are the shear wave radial travel times
from the Earth’s surface to the discontinuity and the core—mantle boundary
respectively. Numerical experimentation has indicated that this result can be
extended to radial oscillations. Thus the oscillation generated by a discontinuity
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or transition layer in the upper mantle or crust will have a period 20/21 and an
amplitude closely associated with the product of the magnitude of the discon-
tinuity or transition layer and sin (2171/20), where zland z0 are the Pwave radial
travel times from the Earth’s surface to th (discontinuity or transition layer and
the Earth’s center respectively. Therefore, as a discontinuity or a transition layer
in the upper mantle is moved toward the surface of a model Earth, the
oscillation in the "370 curve corresponding to it becomes smaller in amplitude and
longer in period.

Accordingly, an oscillation corresponding to a discontinuity or transition
layer in the crust will have very long period and a very small amplitude, since
21/20 will be very small. In particular, for a discontinuity at a depth less than
40 km and with a magnitude less than 0.5, the corresponding oscillation will
have a peak-to-peak amplitude less than 10s.

It follows from the above that although the dominant effects in „370 curves
from radial oscillations of PKIKP type are produced by the C/M and I/O
discontinuities (as indicated by Anderssen et al., 1975), it may be possible to
separate out upper mantle effects on the basis of period. In particular, it can be
seen in Fig. 9 that there is a significant difference in „370 between continuous and
discontinuous models at about n=10, which is within the presently observable
range. As shown in Fig. 10, this difference has been compensated for in Models
1066A and 1066B. The result nevertheless shows that the effect of the upper
mantle is in principle separable from the data at comparatively small values of n.

5. Comparison Between Observed and Synthetic Data

Figure 11B shows the differences between „370 values for model 1066A (Curve 1)
and for observed free oscillation data (designated by ‘>< ’). It can be seen that
1066A fits the observed „370 values well for n§2 and that, in general, when n
increases, the fit becomes worse. This trend indicates that the differences in ")70
values could be reduced by changing the parameter values concerning discon-
tinuities and/or rapid transitions in the model.

Shown in Fig. 11A (Curves 2 and 3) are two perturbed models of 1066A
which fit, except for 5370: the observed „370 values better than 1066A. Figure 11
confirms that the radial normal mode data for small overtone numbers cannot
distinguish an Earth model with discontinuous core boundaries from an Earth
model with continuous ones. Although the perturbed models are not realistic,
the results show that the differences between „370 values derived from observed
data and eigenfrequencies of 1066A are sensitive to the changes in parameter
values defining the core boundaries, and indicate that if sufficiently refined
normal mode data, including high overtone numbers, can be obtained, the Earth
model can be improved significantly.

Figure 11B also shows the error ranges (designated by triangles) of the
observed „370 values, based on the observation errors listed by Gilbert and
Dziewonski (1975). It is clear from these that, in addition to data of higher
overtone number, a refinement of the present data is required for satisfactory
constraint on the Earth’s fine structure.

If lateral variations in the radius of the C/M boundary exist, as suggested, for
example, by Hide and Horai (1968), then because of the averaging properties of
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a

free oscillations, the effect of these variations would be similar to that of a
transition layer at the boundary. It follows from the above results that such
variations would not be detectable by the present radial oscillation data.

6. Conclusions

The above results may be summarized as follows:
(1) A ")7, curve comprises a baseline component whose value is determined

by the P wave radial travel time from the surface to the centre of the Earth, and
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an oscillatory component which reflects the structure in the Earth’s interior,
including gradual slopes, transition layers and discontinuities.

(2) The effect of a discontinuity on the „370 curve is seen as a persistent
oscillation, while the effect of a transition layer is seen as an oscillation whose
amplitude decreases with n at a rate closely associated with the thickness of the
layer. The amplitude of the oscillation is closely related to the magnitude of the
discontinuity or transition layer, while the period is related to its position. A
consequence of this is that the effects of gradual slopes on the „370 curve are
limited to small overtone numbers (say n§20) only.

(3) It is known from the observation of short period waves that the I/O and
C/M boundaries are discontinuities or very rapid transition layers of large
magnitudes, therefore their effects on the Earth’s radial oscillations are per-
sistent or almost persistent oscillations in the "370 curve having periods of about
5.5 and 2.4 respectively. Except for very rapid transition layers or discontinuities,
the effect of upper mantle structure is mostly restricted to n§20. The oscilla—
tion corresponding to the structure of the upper mantle has a period of about 8.
The effect of crustal structure on the radial oscillations is seen as an oscillation
of very long period and very small amplitude (less than 103 from peak-to—peak).

(4) As a consequence of the above, the oscillations of very small n (say, n < 5)
in the "370 curve are a composite effect of all the Earth’s interior structures
(gradual slopes, transition layers and discontinuities), i.e., they reflect the overall
spherically symmetric structure of the Earth. When n increases, the oscillations
tend to reflect local structures such as very rapid transitions and discontinuities,
i.e., their effects are proportionally greater. When n>20, the oscillations are
mostly the effects of these very rapid transition layers and discontinuities.

(5) The exact manner in which the effects of all the structural features of the
Earth on the radial free oscillations are composed still requires a detailed study.
By neglecting the minor effects and the interference among the effects of major
structural features, however, we can represent the overall composite effect of the
Earth’s structure as the sum of all the individual oscillations in the „370 curve.
Figure 12 shows the comparison of "370 (1066A) (solid line) and [„)70(AC8OOIO)
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+„)70(ACOI800)—„)70(AC800I800)] (designated by ‘x’) structures, where "370(K) is
the "370 value for model K.

(6) A comparison between observed and synthetic „370 values confirms that
the radial normal mode data for small overtone number cannot distinguish a
continuous Earth model from a discontinuous one. Because of the large error
ranges of the observed „370 values and the nature of free oscillations of low
overtone number, information about the fine structure of the Earth and lateral
variations in the radius of the C/M boundary cannot be detected by the present
radial oscillation data.
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Relationship Between the Seismic Quality Factor Q
and the Effective Viscosity 11*

RD. Meissner and U.R. Vetter
Institut für Geophysik der Universität, D-2300 Kiel, Federal Republic of Germany

Abstract. Two very similar relationships are developed for the effective
viscosity 11 and the seismic quality factor Q with regard to the ratio of the
solidus temperature Tm to temperature T. This relationship is linear both for
log Q and logn and seems to be valid for O.95>T/Tm>0.5. Within this
temperature interval two different creep laws dominate; also two different
attenuation mechanisms are observed from a compilation of seismic body
wave data and Tm/T values. The transition from the linear Nabarro-Herring
creep to power law creep and that from one attenuation mechanism to the
other both take place around 0.7 to 0.8 T/Tm. For the above mentioned
temperature regime, which covers the lower lithosphere and the asthenos-
phere, and for body wave frequencies around 1 to 10 Hz the following linear
relationship between lnn and ln Q is tentatively established:

lnn =4.41n Q +22 (for n given in poise).

Activation energies for attenuation are only about 23 % of those for creep.

Key words: Seismic quality factor — Attenuation — Effective viscosity —
Activation energies.

1. Introduction

The seismic quality factor Q and the effective viscosity 17 are governed by
different physical processes. At first glance there seems to be little hope of
finding a relationship between them. Scattering effects dominate in the near
surface area, especially in sediments, and hence Q is strongly frequency de-
pendent, increasing for decreasing frequencies (McDonal et a1., 1958; Lütjen,
1978). Although geometrical scattering is not related to the anelastic properties
of the medium but rather to certain boundary conditions, its effect cannot be
removed from seismic attenuation measurements. The effective viscosity in near
surface areas down to the middle or lower crust is also influenced by boundary

* Publ.-No. 169 from the Institut für Geophysik, D-2300 Kiel, Federal Republic of Germany

0340-062X/79/0045/0147/50240
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conditions: An especially low Viscosity associated with fault zones determines
the viscosity values in all areas where faults are present (Meissner, 1978; Vetter
and Meissner, 1979). Effective fault zone viscosities as low as 1014 poise have
been calculated for the upper few hundred meters of the crust whereas Q-values
between 5 and 25 are found in young sediments at shallow depths (Meissner,
1965). It seems, however, that Q-values in the upper crust are connected with
microcracks and are more a bulk property of the whole rock assemblage than
are the 11-values, but information on this subject is scarce. Estimates of 11 are
derived from temperature models (Meissner and Vetter, 1976) and from the
uplift of salt domes and diapirs (Hunsche, 1977). Calculations of Q are based on
measurements of the attenuation of body waves (Sutton et al., 1967; Barazangi
and Isacks, 1971) and surface waves (Hart et al., 1967; Solomon et al., 1972).

Calculation of 11 for the whole lithosphere and the asthenosphere can be
obtained using the temperature method, postglacial uplift data (Walcott, 1973;
Crittenden, 1967; Brennen, 1974), and the movement of plates (Meissner and
Vetter, 1976), while amplitude decay spectra of free oscillations in addition to
the surface wave and body wave data are used for an estimation of Q in the
whole earth (Sailor and Dziewonski, 1978). Figure 1 shows a summary of 11- and
Q-values versus depth with a smooth curve between data of the authors
mentioned above. This figure provides information only on the general behavior
of 11 and Q and certainly can not be used for detailed considerations. It is
important to note, however, that Q and 11 both increase in the upper crust and
decrease down to the asthenosphere.

The present study is mainly concerned with the relation between 11 and Q in
the lower lithosphere and asthenosphere with some extrapolations to the middle
and lower mantle. The area under consideration covers mainly the temperature
range between about 0.95 Tm > T>0.5 Tm (with Tm=solidus temperature), though
some extrapolations to lower and higher T-values will be made. Also the
considered frequency range Af is small; most body wave data cover the range
between l and 10 Hz. From theoretical studies (Jackson and Anderson, 1970;
Anderson and Hart, 1978; Goetze, 1977) it seems that Q in this A T —Af field is
dominated by a grain-boundary relaxation mechanism with an exponential
relation to Tm/T. A similar exponential relation has been established for 11
(Weertman, 1970; Kohlstedt and Goetze, 1974; Kohlstedt et al., 1976; Mercier
et al., 1977; among others). Physically, steady state creep may consist of grain
boundary diffusion (Coble, 1963) or of a dislocation glide mechanism (Weert-
man, 1970) — the so called power law creep. The possible relevance of both creep
laws for conditions in the lithosphere and asthenosphere has been investigated
by Weertman and Weertman (1975), Meissner and Vetter (1976), and Vetter and
Meissner (1977). It seems that the likelihood that a close relation between Q and
11 might exist is greatest in the above mentioned high temperature field where
grain boundary processes dominate.

2. Derivation of Formulas for n and Q in the High Temperature Field

As shown by Weertman (1970), Kohlstedt et al. (1976) and others, creep
properties of igneous rocks are governed by the general creep equation
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é=Cnanexp—[(U+pV)/RT] (1)

with

C„ = creep constant 8' = creep rate
a = stress p = pressure
n = exponent of the creep law (1 ... 3)
U =activation energy V= activation volume
R = gas constant T: absolute temperature.

Weertman (1970) has shown that a good approximation of (1) is

é=Cn a" exp(—g* Tm/T) (2)

with g* =constant [about 29 for olivine after Kohlstedt and Goetze (1974)]

Tm=melting temperature (solidus).

Introducing the effective viscosity

11%0/15 (3)
and inserting (2) into (3) one obtains

lnn=g* Tm/T—ln Cn—lnan‘l. (4)

(r; always in poise).
If mass transport takes place by general diffusional processes (Nabarro-

Herring creep) or along grain boundaries by means of grain-boundary diffusion
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(Coble creep) the exponent n will be equal to 1 or at least near 1 (Langdon,
1970). Hence, (4) may be written as,

lnnNH=g* Tm/T-—1nC1 for n=1 (5)

i.e., nNH does not depend on stress or creep rate. Dislocation glide mechanisms,
as thoroughly investigated by Weertman (1970), Kohlstedt and Goetze (1974),
and Carter (1976), may also be derived from (4) using n=3. For é=const. one
obtains after inserting azné

lnnPL=1/3g* Tm/T—1/3ln C3—2/3lné. (6)

In the following it will be shown that formulas like (4), (5), and (6) can also
be obtained by assuming a similar grainboundary relaxation process as postu-
lated by Anderson and Hart (1978) and O’Connell and Budiansky (1978). The
relaxation time for the inelastic relaxation after a small displacement is

T=7io eXI)[(Ü+PI7)/RT] (7)
with Ü and I7: activation energy and volume respectively for small scale
displacements — as, for instance, caused by the passing of a seismic wave.

To =characteristic time which according to Anderson and Hart (1978) should
be related to the atomic jump frequency. Ü and I7 are certainly not identical
with U and V of Eq. (1) and may be considerably smaller. From (7), a similar
approximation as that of (2) gives

1:10 exp(gQ Tm/T). For gQ see (14). (8)

The introduction of the general Debye equation for Q gives

Q=(cO/Ac)-(1+a)212)/a)1: (9)

with
c0 =low frequency elastic wave velocity
Ac=difference between low and high frequency wave velocity
0) = angular frequency.

We apply a high frequency approximation and obtain

Q=(cO/A_c)cor for w212>1. (10)

As 1 appears to be in the range of 10 to 100s (Anderson and Hart, 1978) the
approximation of (10) seems to be valid for frequencies larger than 0.1 Hz, i.e.,
certainly for body wave data from explosions and small earthquakes.

Inserting (8) into (10) one obtains

a=gQ(Tm/T)+ln(c0/A c)+ln(a) 1'0). (11)

This equation is of the same form as (4), (5), and (6). It describes the strong
dependence of Q on the ratio of Tm/T which is similar to that of 11. Equation (11)
also contains a direct relationship between Q and a) which generally appears in
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theoretical derivations (Knopoff, 1964) as well as in some experimental studies
(Goetze, 1977). This relationship is hard to understand in View of the large
amount of seismic field observations which are consistent with a frequency
independent Q (Anderson and Hart, 1978). Recent experimental work of
Berckhemer and his\coworkers (personal communication) shows (as the earlier
experiments of Gordon and Davis (1968)) that Q at high temperature may be
independent of frequency over at least 2 decades. We suggest an inverse
relationship between a) and To and will mention this problem later again.

In order to compare both 17 and Q with values of Tm/T, as needed for a later
calculation of activation energies, we define the gradient gv of the logarithm of 11
as a partial derivative from (5), (6), and (11):

6(ln n) _ *= _ 2

for NH creep and PL creep with constant a

6(ln n)= =1 3 * 13

for PL creep with constant é and with n=3

ö l(n Q) _ (14)gfem/T) ‘gQ
with gQ between 0.07 and 0.23 g* as will be shown in the next section.

In general, the Eqs. (5), (6), and (11) can be used to derive a relation between
71 and Q. Solving (11) for Tm/T and inserting Tm/T into (5) and (6), gives

In 11 = (g*/gQ) In Q - (g*/gQ) 111(Co/A C) - (g*/gQ) In(w To) - In C 1 (15)
for NH creep and

In 11 = 1/3(g*/gQ) In Q -1/3(g*/gQ)In(Co/A C) - 1/3 (g*/gQ) 111(0) To)
—1/3ln C3—2/3lné (forn in poise) (16)

for PI creep with n=3. While g* is rather well known from experiments of
steady state creep processes and seems to be in agreement with in situ obser-
vations, gQ has not yet been determined.

3. Comparisons Between Q and n From Field Observations

Figure 2A gives some well known relations between 11 and Tm/T resp. T/Tm.
Effective Viscosities were calculated on the basis of the rheological constants of
olivine (Kohlstedt and Goetze, 1974), which is supposed to be the main
constituent of mantle material. T- and Tm-Values of an oceanic mantle have been
used for this figure as in Vetter (1978). These values are in good agreement with
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Fig. 2. A Effective viscosities according to Nabarro-Herring (NH) and power law (PL) creep for
different grain sizes and creep rates as a function of the ratio of solidus (Tm) to temperature (T). For
global relations a grain size of 5 mm and a mean creep rate of 53:10“ 15 s‘ 1 is used. [For details see
Vetter and Meissner (1978)]. B Q-values as a function of Tm/T resp. T/Tm. B: Barazangi and Isacks
(1971); S: Sutton et a1. (1967); L: Latham et al. (1970) (size of crosses-measure for the variance). Tm
=dry pyrolite solidus (after Stocker and Ashby, 1975)

temperature models as well as viscosity values from other methods such as uplift
data and plate movements. The creep process which operates with the lowest
effective viscosity will always dominate about the other one. An average grain
size of about 5 mm and a viscosity of 1021 poise were found to prevail in the
continental shield asthenosphere [for details see Meissner and Vetter (1976), and
Vetter and Meissner (1977)]. The transition from NH to PL creep occurs at
about 1 bar and at T/Tm between 0.7 and 0.8, depending on grain size and creep
rate é. We presume, based on our former work, that the power law creep in the
upper part of a fast moving oceanic asthenosphere may follow the curve of £1
=10‘14s“1 which grades into the lithosphere with äl‘ls and 10‘163’1.
Accordingly, the viscosity-values for lower T/Tm have to be taken from those é-
curves if a special area is considered. On the other hand, an average of 8°
=10‘15 s“1 will be used for obtaining an average n for PL creep on a global
scale. A grain size of 5 mm will be used for NH creep in accordance with our
former work.

Figure 2B shows the observed relations between Q and Tm/T. Q-values from
body wave data (Sutton et al., 1967; Barazangi and Isacks, 1971; Anderson and
Kovach, 1964) were considered more reliable than those derived from surface
wave inversion. They can more easily be located with respect to depth and
position and can therefore better be related to the temperature regime. The
lunar value is from Latham et al. (1970). The relation of Q to the Tm/T regime
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was made for a depth of 100i50 km, mostly relying to the Pn-wave or direct P-
wave data at these depths. The Tm/T-values in various heat flow provinces were
estimated from those of Vetter and Meissner (1976) for terrestrial data and
Meissner (1975) for the lunar data point. We are aware of the fact that the lunar
data point may not be representative for terrestrial material because of the high
vacuum and the total absence of any traces of water. We have added it, though,
to the terrestrial data because of the petrological similarity between the ter-
restrial and the lunar mantle and our belief that possibly Q and 11 might be
equally influenced by the strange lunar environment.

As seen from Fig. 2B, it is not possible to combine the data points by a
straight line in the semilog diagram. Two straight lines, considered as extreme
values in the higher and lower temperature field, have been plotted with
gradients of Ö(ln Q)/Ö(Tm/T)=6.6 and 2.2, respectively. The transition between
the two gradients, like that between the two creep laws, is between 0.7 and
0.8 Tm. The two straight line approximations can be expressed as

lg Q = 0.94 Tm/T+ 1.25 for T/Tm <0.7 (17)

and

n=2.87 Tm/T—1.17 for T/Tm>0.8. (18)

A detailed comparison between 17 and Tm/T as well as between Q and Tm/T
may be obtained by a cross section through a well known subduction zone. We
combine recent microearthquake observations of Hasegawa et a1. (1978), which
clearly show a double planed structure in the descending Pacific plate near
Japan, with a temperature model of Toksoz et al. (1971). Figure 3A shows
Hasegawa’s results which were obtained by taking into account the velocity
structure of the descending plate and its vicinity. Figure 3B gives the tempera-
ture model of Toksoz et al. (1971) with some modifications in the back are area
where an observed heat flow of more than 2 HFU was used as a basis to modify
the temperature model. Figure 4 is obtained by transforming the temperature
curves into T/Tm-curves and superimposing them onto Fig. 3A. The coincidence
between the double plane earthquake structure and the isoline T/Tm=0.6 (Tm/T
= 1.67) is really striking. Earthquakes only occur within an area with T/Tm $0.6.
This value had previously been considered to be the lower limit of T/T‚„ where
enough stress for a subsequent stress release by quakes can accumulate (Meiss-
ner, 1978; Vetter and Meissner, in preparation). The temperature relation of
T/Tm=0.6 corresponds to whole rock viscosities of 11z1023 poise. Lower visco-
sities do not allow the build-up of significant stresses because the whole material
creeps. In fact, no quakes occur outside the double plane structure where whole
rock viscosities are below 1023 poise with the exception of an anomalous area in
the upper right side of the figure where apparently a new slab of cold material is
formed which has not been incorporated into the thermal model.

Very rigid and highly viscous zones should not show quakes either if they are
surrounded by a less viscous material. In fact, only very few quakes are observed
in the very interior of the subduced plate inside the two earthquake belts, which
may be considered as two “fault zones” with a slightly reduced effective fault
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Fig. 3. A Microearthquakes as determined by recent array studies under the Japanese Islands
(Hasegawa et al., 1978). B Thermal model for a descending plate in a subduction area with vsnb
=8 cmfy; adiabatic compression, conduction, phase changes, strain heating, and back are spreading
are taken into account. Temperatures in °C. [After Toksöz et al. (1971), modified in the back are
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Fig. 4. T/Tm-values as calculated from Toksöz’s et a1. (1971) model related to Hasegawa’s et al. (19?8)
microearthquake distribution. Numbers in brackets are viscosity values in poise calculated for PL-
creep (91:10—14... 10““58‘1) and for NH~creep (grain size 5 mm). Quakes in the upper right hand
side of the figure possibly show a new onset of subduction not contained in the thermal model

zone viscosity. Quakes in the high viscosity area between the “fault zones” are
scarce because high fracture stresses tend to translate all stresses to the next
“weaker” zones, zones which apparently are be double planed “master faults”.

The good agreement between viscosity and seismicity in this example seems
to be a solid basis to relate the 27— to the Q-values. Adopting the Q—model of
Barazangi and Isacks (1971), Fig. 5 shows the smooth n-curve together with the
average Q-values from P body waves for a depth of 100 km. There is certainly a
close relationship between both parameters.

Finally, Fig. 6 summarizes all available Q-values and shows their relation to
11. This figure was obtained by converting the data of Figs. 2A and B into a
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Fig. 5. n and Q in a cross section through
the subduction area at a depth of
approximately 100 km. open dots: zone of
quakes inside the descending plate; Asthen.
1: “normal" oceanic asthenosphere; Asthen.
2: asthenosphere in the back are area
hatched bars = average Q-values of
Barazangi and [sacks (1971); n-curve from 10
values of Fig. 4 Asthen. 2 Plate Asthen.1
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combined log-log diagram. As the two gradients in Fig. 2A and those of Fig. 2B
both differ by a factor of about 3 and change at about the same value of T/Tm it
was not surprising to us to observe a rather well established linear relationship
between logn and log Q:

lgn=4.410gQ+9.6 (19)
and

In n = 4.4 ln Q + 22 (for n in poise). (20)

This means that apparently different values of gQ are related to the different
creep laws, i.e., NH-creep with 3-1: g*=29 is connected with g8’=6.6 and PL-
creep (n=3) with g2=1/3 g*=29/3 is connected with gg)=2.2 (=6.6/3). As
mentioned before, an average value of é=10_ 15 s—1 was used for the calculation
of n.

4. Discussion

As seen from Figs. 2B and 6, the error bars are rather large. As mentioned
before, the values of the 2 different gradients 6(ln Q)/ö(T‚„/T) should be consid-
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ered as extremes or asymptotic values. Also, the gradient of 8(ln n)/Ö(Tm/T)
should be understood as asymptotic; further, as mentioned before, the de-
pendence of n on 8' causes uncertainties in 11 because of the uncertain values of é.
In another approach we have tried to calculate n for different depths by
assuming a systematic change of 8' from the asthenosphere into the lithosphere.
In doing so we arrive at smaller gradients for 6(ln n)/Ö(1n Q). However, as é on a
global scale is hard to define and because all creep experiments as the basis for
the calculation of creep constants are performed at constant é-values, we
preferred to present the general relation between Q and 11 for a constant é. We
have also compared our results with those of Anderson and O’Connell (1967)
who gave a constant ratio of n/Q of about 4- 1019 poise. As seen from Fig. 6, our
ratio n/Q is about 1016 poise for Q =50—100 and 1020 for a Q around 1000.

The linear relation between a and Inn is certainly hard to understand in
View of the small stresses associated with wave transmission and the stress
dependent different creep processes which are related to grain boundary dif-
fusion or power law dislocation glide mechanisms. This means that not only
does the creep mechanism change between 0.7 and 0.8 Tm, but also the relaxation
mechanism responsible for Q changes its character at these temperatures.
Apparently only small stresses can build up in the range of T/Tm>0.8, where
creep is not dependent on creep rate or stress. In contrast, at T/Tm<0.7 the
lithosphere generally exhibits some stress, 0>1 bar, which may be released in
earthquakes if the temperature drops a little more and more stress is built-up.

Regarding the activation energies, a value of 125 kcal/mol (for olivine)
corresponding to g*=29 is found for NH creep, while an “effective activation
energy” of only 125/3 =41.7 kcal/mol is found for PL creep (because of g= g*/3).
The activation energy at higher temperatures is 28.3 for the attenuation process;
at slightly lower temperatures it is 9.44 kcal/mol. Certainly, the transmission of
an elastic wave does not activate as many atoms or grain-boundaries as does a
steady state creep process; however, at higher temperatures a larger number of
particles is apparently activated.

So far, a dependence of Q on the frequency of waves has not yet been proved
by field observations. Many authors present convincing evidence that these data
are consistent with Q being independent of frequency at least between 1 and 60 s
(Anderson and Hart, 1978). Equation (11) however contains a frequency term.
Several authors, among them Lomnitz (1957) and Kanamori and Anderson
(1977), try to avoid this dilemma by assuming a whole spectrum of relaxation
times, the superposition of them then giving a quasi frequency independent Q.
While this may be an interesting approach for deriving Q-values for different
depths, compositions, and densities, it fails to explain the Q-values of the lower
lithosphere and asthenosphere where olivine certainly dominates. The only way
to remove the dependence of frequency from Eq. (11) is to assume that the term
(010 is constant. This means that To must be proportional to l/co. Its value may
be obtained by comparing (11) with (17) and (18). It is about 2.3- 10‘4s for a
10 Hz frequency and T/Tm<0.7 and about 1.4-10’4s for 10 Hz and T/Tm>0.8.
This means that To certainly is too large to be related directly to the atomic
jump frequency and therefore seems to describe a more general relaxation upon
very small stresses. The higher the frequency, the lower is ”CO.
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5. Conclusion

It has been shown by a simple theoretical approach that the parameters Q and 17
can be expressed by a very similar exponential relationship with regard to the
ratio of the solidus temperature Tm to temperature T, at least for body wave
frequencies larger than about l and for 0.95>T/T‚„>0.5. The attenuation
seems to obey two different laws, one at higher and one at lower temperatures;
as such there is a strong similarity in this behavior to that of creep in that there
are also two dominating processes, the Nabarro—Herring or Newtonian linear
creep law in a small stress-high temperature regime and the power law dislo-
cation glide mechanism at slightly lower temperatures. Effective activation
energies for seismic attenuation seem to be only 23% of that of steady state
creep. Both creep and attenuation exhibit lower effective activation energies for
lower temperatures. The change of effective activation energies for both creep
and attenuation to about a third of that for high temperature values takes place
between 0.8 and 0.7 Tm. From this, a linear relationship between n and lgn
has tentatively been established. It agrees with field observations of high
frequency body waves and known creep processes in the earth’s asthenosphere.
The relation is substantiated by more evidence than were those of Anderson and
O’Connell (1967) or Meissner (1975) but will certainly be subject to revision
when more data become available. Moreover, other relations definitely exist in
the upper lithosphere especially for sediments, and possibly also for the middle
and. deeper part of the mantle, where phase transitions change the structure of
minerals. It should, however, be mentioned that data from surface wave and free
oscillation inversions and those from Viscosity estimations may well agree with
the empirical relation presented in this study.

Acknowledgement. When presenting our paper at the EGS-ESC meeting in Strasbourg in September
1978 we noticed that Berckhemer and his coworkers had found quite a similar relationship between
Q and n, based on experimental high temperature studies in Frankfurt. Subsequent discussions
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The Wave Field Associated With a Fine Structured
Moho in Continents and Oceans

I.P. Kosminskaya and N.K. Kapustian
Institute of Physics of the Earth, Academy of Sciences of the USSR, Moscow, USSR

Abstract. The crust-mantle transition zone in continents and oceans is
regarded as a complex block-layered structure. The case of blocks of small
dimension may be described by a thin-layered zone with random distribution
of its seismic parameters. Such structure accounts for continuous and well
correlated subcritical reflections whose amplitudes are 3—4 times higher than
those of a first order velocity discontinuity. The reflectivity from the random
zone is practically independent of frequency above 10 Hz. If the dimensions
of the blocks are large the subcritical reflections may be correlated as
discontinuous branches of the travel-time curve with various amplitudes on
them.

Key words: Crust-mantle transition —— Thinlayered zone — Spectra ——
Reflectivity -— Travel-time and amplitude-distance curves.

During the past decade great attention was paid to the investigation of the fine
structure of the Moho-boundary beneath continents. In some regions the crust-
mantle transition may be strongly layered and can be represented by thinlayered
zones (Fuchs, 1970; Fuchs and Müller, 1971; Berzon et al., 1975; Davydova et al.,
1972; Pavlenkova, 1973). It was shown that dynamic analysis (amplitudes,
spectra, wave form) of reflections in the sub-critical area is most efficient for the
study of the structure of thinlayered zones.

Until recently deep seismic sounding (DSS) studies in oceans have been
based on frequencies of about 5H2, i.e., on wave lengths comparable with the
total thickness of the oceanic crust. The wave field was observed in critical and
overcritical areas. All these factors hindered the investigation of the thinlayering
of the oceanic crust and upper mantle. The utilization of airgun sources in
marine DSS studies now makes it possible to expand the frequency band (20—
30 Hz) and to obtain better correlations: this is important for the detection of
subcritical reflections in the second arrivals. The statistical analysis of data
obtained from airguns and shots shows considerably thinner layering of both the
upper and the lower parts of the oceanic crust (Kosminskaya and Kapustian,

0340-062X/79/OO45/Ol 59/$02. 40
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1975). The use of airguns in marine studies enables us to investigate the
thinlayering of the oceanic crust and especially the crustmantle transition. This
is important for the study of the processes of formation and development of the
oceanic crust.

In continents the structure of the crust-mantle thinlayered transition was
generally supposed to be horizontally continuous. Such models accounted for
those peculiarities of the wave correlation which could not be explained by
simple first order discontinuities or gradiental transition zones. Nevertheless it is
difficult to imagine such stability of individual layers within the transition zone
over horizontal distance of dozens of kilometers. The assumption of variable
layer parameters is more realistic. Investigations of the discontinuous wave
correlation or the dashed character of the crustal wave field will show the
complex micro- and macro-block-layering of the crust: thus it may be possible
to study the complex block-layered crust-mantle transition. Hence it is impor-
tant to assess the chances for the detection of thinlayering and micro-blocked
structure of the Mohorovicic zone and to develop the DSS method in continents
and oceans appropriately.

Theory tells us that reflection dynamics depend not only on the structure at
the reflection point but on the properties of the media in the vicinity of this
point, limited by the effective section of the ray tubel. The linear dimension of
this effective section is proportional to l/xliL, where ‚1 is the wave length and L is
the ray length, i.e., the dimension is transformed in terms of the boundary depth
and epicentral distance. In continents the linear dimension of this area is about
10km for the reflection from the Moho (depth 40 km) observed at a distance of
about 10km from the source (Davydova et al., 1972). This dimension of the ray
tube for the oceanic crust (Moho-depth 10 km) is about 3 km and increases with
epicentral distance from the shotpoint. Such calculations make it possible to
divide the supposed block-layering of the Moho into two types:

(1) micro-block-layering; i.e., the horizontal dimensions of the blocks are
less than the whole reflectivity area;

(2) macro-block-layering, i.e., the transition zone consists of blocks of the
same dimension as the reflectivity area. The layering structure is stable within an
individual block.

The case of micro-block-layering is represented by a thinlayered zone with a
random distribution of its seismic parameters. It is possible to imagine such a
structure as a mixture of small lenses whose velocity and thickness are derived
from a normal distribution. The computational methods for such media were
developed in seismic prospecting (Berzon et al., 1973), and were discussed in the
paper by Davydova et al. (1972) for the continental DSS data for the subcritical
area.

Here we investigate such thinlayered zones not only for continents but also
oceans and discuss dynamics for all distance ranges — subcritical, critical and
overcritical — to choose the optimal frequency and distance ranges for obser-
vation of blockthinlayered zones.

1 The effective section of the ray tube is the area obtained from the intersection of the ray tube
and the boundary or the part of the boundary within the ray tube
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The random layered zone structure is determined by the random parameters
of the layers: thickness hn(1§n§N), P- and S-wave velocities-V109"; Vsm and
densities pn. We consider the normal law of layer parameters distribution. It is
possible to construct a random vector [7 with coordinates equal to the layer
parameters

ß4n=Vp‚n; ß4n+1zVs,n; ß4n+22hn; ß4n+3=pn‘

In the case of the incident plane P-wave pulse

1 + “3 .
_ lwt

Fp(t)——2'; _IOOS(CU)
e da),

where 8(a)) is its spectrum, the P-reflection from a thinlayered zone will be as
follows

l +00 .
Fpp(t)

22—7; -500
5(a)) 710(co) 8”“ do),

where 110(co) is the reflectivity for this zone. It is calculated by the well-known
reflectivity matrix method (Ratnikova and Levshin, 1967; Fuchs, 1968). In the
case of a random thinlayered zone, the random reflection for the Wide incident
wave conditions will be as follows

__> 1 +oo _) .f(t‚ß)=:‚_—n 5 S(w)n(w‚ß)elw‘dw‚

where Mom?) is the reflectivity for random zone and random function of
frequency a) and

—> 1 +00 _+ .
M[f(t, ß)] z}; _5 5(60) M [77(w‚ [3)]6’“ dw-

We calculated M [11(a), 3)] for L = 30 realizations. Each individual realization
was a thinlayered zone whose parameters were an individual realization of
vector 3. The reflectivity for each individual realization has been calculated and
after that the reflectivity for the random zone was obtained by the formulas:

—+ 1 L —>
M[n(wrc9 ß)] =Zl-Zln(wxa ßl);

—+ 1 L -—+M[In(w‚„ß)l]=Zl_21|n(w‚„ßl)|.
In this paper the thinlayered random zone is regarded as a model of the

Moho in continents and oceans. The mean velocity in the random zone
(8.2 km/s) is approximately equal to the value in upper mantle (8.0 km/s) and
differs greatly from the value in the crust (7.0 km/s). The dynamics for such a
structure is calculated in subcritical, critical and overcritical areas and is
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compared with the computations for individual relaizations and an equivalent
layer (the layer whose parameters are equal to the mean values for the random
zone Vp=8.2 km/s; h=1.1 km).

Figurel represents the depth-velocity models (Fig.1C), the cross-section
(Fig. 1B) of the micro-block-layered M-boundary and the dynamic travel-time
curve2 for the M-reflection 11310 (Fig. 1A). In the case of 30 realizations the
dimension of each micro-block (the block which layer thickness and velocity are
stable) has to be approximately 100m for oceanic and 300m for continental
crust. The reflection from such a structure will be correlated continuously and
its amplitude near the shot point will be 3—4 times greater than those for the
equivalent layer.

The frequency characteristics of the micro-block—layered M-boundary re-
flection are shown in Fig.2. The amplitude spectra of the reflected wave
(reflectivity) depend on the epicentral distance and frequency. The sets of spectra
may be divided into 3 zones: subcritical, critical and overcritical.

In the subcritical zone (from 2 to 70 km in continental DSS studies 0.5 to
20 km in oceans) the amplitude spectra increase approximately linearly with
frequency up to 5 Hz. Within the higher frequency band spectra oscillate slightly
(15 %) around the average value independent of the frequency and decrease as
distance increases.

In the critical zone (70—150 km in continents, 20—40 km in oceans) spectra
increase with frequency, the fastest increase being up to 10 Hz. The location of
the critical point in this area is moved towards smaller distances for higher
frequencies. This phenomenon is known (Cerveny and Ravindra, 1971) to be
determined by the relationship between the wave length and the thickness of the
layer. This fact should be taken into account in the choosing of the optimum
frequency and distance ranges in the modern critical-angle-reflection studies in
oceans.

In the overcritical zone (greater than 150 km in continents, 40 km in oceans)
the amplitude spectra are practically independent of frequency. Thus overcritical
reflections are not suitable for the determination of fine structure.

Figure3 shows the comparison of the spectra for a random zone, an
equivalent layer, individual realizations and a simple first order boundary in the
subcritical (Fig.3B), critical (Fig.3C) and overcritical (Fig.3D) zones. In sub-
critical and critical zones spectra of individual realizations are of the complex
resonance form with alternation of sharp maximum and minimum. The spec-
trum of the equivalent layer is of a sine form oscillating around the reflectivity
for a first order discontinuity. In the overcritical zone spectra for all M-
boundary models are practically independent on frequency. Curves 2 and 3
(Fig.3) show that the spectra of individual thinlayered zones (zones whose
structure are stable within the profile) vary greatly with epicentral distance. Such
a phenomenon shows the difficulty in comparing spectra obtained at different
distances to determine a boundary model. Spectra for a micro-block layered M-
boundary (curve 1, Fig. 3) are not of a resonance form and are stable within the
profile in contrast to the case of individual realizations.

2 The dynamic travel-time curve is a combination of an amplitude distance curve and a travel-
time curve. The amplitudes are plotted above the travel-time curve
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[MERITI

Fig. 2. Block-diagram of the amplitude spectra of a random zone in oceans (scaie I) and continents
{scale H)

In Fig.4 the dependence of reflectivity on epicentral distance studies are
shown at 10 Hz (DSS studies in continents) and 30 Hz (airgun studies in oceans]
for the same M-boundary models as in Fig.3. For individual realizations the
curves in Fig.4 correspond to the amplitude-distance curves obtained with a
narrow band-width pulse. Such pulses are typical of non-explosive sources:
airguns, sparkers, etc. In this case subcritical and-overcritical reflections may be
characterized by great variation in amplitudes and by interruptions of the phase
correlation. Interruption in wave correlation may also occur in the case of stable
thinlayered zones due to amplitudes falling below the noise level (in Fig.4 the
noise is dashed). Therefore if the source pulse is of narrow band—width form such
interruption of subcritical reflections can be observed even if the structure of the
thinlayered zone is horizontally homogeneous and stable.The reflections froma
micro-block-Iayered M-boundary (curve 1, Fig.4) are stable within the whole
profile and frequency band. The amplitudes in the subcritical area are 3—4 times
higher than those of a first order discontinuity or the equivalent layer.

In Fig.5 the change of wave form with epicentral distance for reflections
from a random zone and from an individual realization is shown. The pulse has
a wide-band width with the main frequency 10 Hz. Figure4 shows the energy
redistribution towards the first phases: the wave pattern becomes relatively
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Fig.5. The synthetic seismograms {I}
for the reflections of M-boundary
models (H): at individual realization
and b random zone. (III) Incident
pulse

shorter. It may be noticed that near the shot point the length of the reflection is
2—3 times greater than those of the incident pulse: this fact should be considered
when interpreting data obtained at these distances using non-explosive sources.
Analysis of the change in wave pattern shows that in the case of a thinlayered
zone that is stable within the profile, and using a wide-band pulse, the wave
form is very unstable and phase correlation is difficult. If the transition zone is
micro—block-layered the wave pattern will change weakly with distance and it
will be possible to correlate individual phases.

The investigation of the dynamics of micro—block—layering reflections shows
that such M-boundary structure gives strong and well-correlated subcritical
reflections with nonresonance Spectra. Up to now absorption (i.e., the frequency
selectivity of the media) has not been taken into account. If one includes the
influence of absorption and ray divergence it will be easier to compare the
theoretical results with experimental data so as to adopt the best observational
methods.

In Fig.6A the block-diagram of amplitude spectra with absorption for Q
l

=400 (see Berzon et al., 1975) and ray divergence,
E,

is shown for micro-block—
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layered M-boundary in a continent. Figure 6B represents the spectrum field for
this surface: the pulse spectrum was not considered, corresponding to the case of
a wideband source or receiver. Figure 6 makes it clear that the amplitude spectra
of a reflection acquires more sharp resonance due to the effect of absorption.
The maximum of the spectrum occurs at 5H2 in the sub-critical and critical
zone and at the lowest frequencies of the incident pulse in the overcritical zone.
Movement of the spectrum maximum shown in Fig.6B corresponds to the
changing of the main frequency that can be observed in records. It is evident
that the visible frequency becomes lower in the overcritical zone as compared to
those in subcritical ones. Such a peculiarity is due to the frequency features of
the micro-block-layering of M-boundary and not to the interference of head
and reflected waves in the critical zone.

It is clear from Fig.6B that frequencies up to 10 Hz are the best ones to
investigate micro-block—layering of the M-boundary in continental DSS studies.
The utilization of higher frequencies even near the shot point will lead to a
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decrease in reflection amplitude. If the frequency is about 20 Hz the amplitude
will decrease 3 times as compared to its maximum value near the shot point and
therefore it will be more difficult to correlate reflections in the second arrivals.

In Fig. 7 the block-diagram of amplitude spectrum and spectrum field for a
micro-block-layered M-boundary in oceans are represented. We assume Q
=500. As one can see from Fig. 7 the important peculiarity of reflection
correlation is the great changes of visible frequency on records. The visible
frequency increases from 6Hz to about 12 Hz towards the critical zone and in
subcritical regions decreases to the lowest frequency of the incident pulse.

Figure7 shows that the best frequencies to investigate such structures in
oceans are those of about 5—10 Hz. These frequencies are essential in marine
DSS studies due to the difficulty of subcritical reflection correlation among the
direct and multiple water wave arrivals. The utilization of airgun sources with
frequencies 20—30 Hz decreases the possible amplitude level by a factor of 1.5—2
in the subcritical zone. In the critical zone the use of highfrequency sources (20—
30 Hz) also decreases the possible amplitude by a factor of up to 2. This should
be taken into account in considering the best frequency band for critical-angle-
reflection-studies in oceans.

Now we come to the analyses of the wave field reflected from macro-block
layered M—boundary in continents and oceans. The cross-section of such struc-
ture with altering of blocks containing thinlayered zones of types 1, 2, 3 is
shown in Fig.8. The dynamic travel-time curve (Fig.8A) consists of pieces of
dynamic travel-time curves for the individual blocks. As one can see from Fig. 8
the subcritical and nearcritical areas are rather informative for the investigation
of fine M-boundary structure whereas the overcritical reflections are not in fact
sensitive to such structure. The reflections may be characterized by both large
pieces of interruptions of wave correlation (with dimension about the horizontal
dimension of a block) and phase correlation discontinuities. In the first case the
reflections from blocks with reflectivity lower than the level of second arrivals
can not be seen. The phase correlation interruptions and the amplitude va-
riations are connected with the reflectivity properties within the individual
blocks (see the above-mentioned dynamic analysis of individual realizations).
The branches of reflection correlation may be both equal and smaller or greater
(see for example the nearcritical area) than the horizontal dimension of a block.

The representation of the M-boundary by thinlayered zones consisting of
blocks of different dimensions accounts for the important dynamic and kine-
matic peculiarities of M-reflections.
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Tidal Triggering of Earthquakes in the Swabian Jura?
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Road, Cambridge CB3 OEZ, Great Britain
2 Geowissenschaftliches Gemeinschaftsobservatorium Schiltach, Universität Karlsruhe, D-7500
Karlsruhe, Federal Republic of Germany

Abstract. Several statistical tests were used to investigate the possibility that
the earthquakes in the Swabian Jura are triggered by the tidal stress in
the earth. The results provide weak evidence that the earthquakes tend
to occur when the tidal shear stress on the fault plane in the direction
supporting the tectonic stress is greatest. A comparison of some of the
statistical methods available for investigating tidal triggering effects is made.

Key words: Tidal triggering -— Earthquake statistics -- Swabian Jura.

l. Introduction

There have been many studies of the hypothesis that the times of occurrence
of earthquakes are influenced by the periodic tidal stresses in the Earth. These
have generally indicated the existence of such an effect only when they have
separated the catalogue of earthquakes into small geographical regions, over
which the earthquake mechanism may be reasonably expected to be fairly con-
stant, for example Klein (1976), or when the orientation of the fault plane
and slip vector of each earthquake has been taken into account in calculating
the effective tidal stress, as in Heaton (1975). This is to be expected, since
in an analysis which involves earthquakes of various mechanisms without allow-
ing for these variations, a tidal effect is liable to be masked by the differences
in the time dependences of the tidal forces acting in different directions.

An earthquake catalogue of 259 earthquakes from the Swabian Jura, in
southern Germany, was felt to be particularly suitable for a study of this type
because the fault plane mechanisms are very well known and show remarkable
consistency. The opportunity was taken to apply to this one data set several
of the statistical tests used previously in various studies, so that their results
might be compared.

0340-062X/79/0045/0171/80240
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2. The Catalogue

The catalogue contained earthquakes in the region between latitudes 47°57’ N
and 48°32’ N and between longitudes 8°26’ E and 9°28’ E which occurred be-
tween 1900 and 1976 inclusive. They ranged in local magnitude from 2.0 to
6.3 and in depth from 1km to 15 km. Their origin times are given in the
appendix.

All the fault plane solutions which have been carried out on these earthquakes
(Schneider, 1968, 1971) show a strike slip mechanism with nearly vertical nodal
planes lying roughly north-south and east-west, with the compressive axis in
the NW-SE direction. The variance of the nodal plane directions is very small,
being only about 5°. There is good evidence that the north-south plane is
in fact the fault plane: this is indicated by observations of slickensides at the
surface, the extension of isoseismic contours in the north-south direction, after-
shock distribution, and by detailed studies of the focal mechanism (Schick,
1968). For this study the north-south striking plane was assumed to be the
fault plane, and in this case the sense of the strike-slip motion is left lateral.

3. A Model for Tidal Triggering

In order to apply statistical tests to the data a model for the process under
consideration must be formulated. A simple but reasonable physical model
is that fracture occurs on the fault plane when the shear stress applied to
it exceeds the cohesive strength of the fault, which may depend upon the normal
stress on the fault plane. The applied stress will consist of the unknown accumu-
lating tectonic stress upon which is superimposed the stress due to the solid
earth tides. Whilst the stresses due to the tides are much smaller than the
tectonic stresses normally expected, they vary rapidly, the major constituents
having diurnal and semidiurnal periods, and so on this simple model may
be expected to trigger the occurrence of earthquakes, provided that the rate
of increase of tectonic stress immediately prior to an earthquake is relatively
small. This model suggests that aftershocks are less likely to be tidally triggered
than main shocks occurring after a period of quiescence, since at times when
the crust is in a disturbed state the rates of change of parameters other than
the tidal strains will be greatest. Different authors have adopted different approa-
ches: Heaton (1975) used only main shocks, whereas Shlien (1972) specifically
analysed an aftershock sequence. In View of the small size of the sample and
the lack of a suitable criterion for identifying aftershocks, we have chosen
to include all the recorded events.

On the basis of these ideas, two quantities were taken as being of interest:
the tidal shear strain on a vertical plane of strike N 10° E (close to the mean
of the fault plane solution orientations), and the tidal linear strain (extension)
normal to this plane. The first of these quantities is proportional to the tidal
shear stress on the fault plane; the second quantity is closely related to the
tidal normal stress on the plane and might be expected to influence the strength
of the fault.
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For this fault, the tidal normal extension as a function of time has a predomi-
nantly 24h period and is approximately in phase with the diurnal part of
the local gravitational potential, whereas the shear strain is a mixture of com-
ponents varying both diurnally and semidiurnally in quadrature with the com-
ponents of the local gravitational potential. In both cases intermodulation of
the lunar and solar components of the tide produces variations in amplitude
over periods of about two weeks.

The theoretical solid earth strain tide was calculated using a program by
Berger (Bilham et al., 1972). This program calculates the linear horizontal tidal
extension at a given position and orientation. The shear strain on the fault
is merely half the difference between the extensions in two directions at 45°
on either side of the fault. Ocean load tides were not taken into account,
but Beavan (1976) has calculated ocean load tidal strains at Schiltach, latitude
48°17’ N, longitude 8°21’ E, some 50 km from the main earthquake region,
and shown that their contribution to the total theoretical tidal strains is small.
The ocean loading correction makes a difference of less than 10° to the phase
of the theoretical M2 tide at Schiltach, a result supported by measurements,
so it seems reasonable to neglect ocean load tides for our purpose.

The theoretical earth tide is calculated for a laterally homogeneous, isotropic
earth model. However, local inhomogeneities near the fault will modify the
effective strain in its vicinity so that the real strain at a point will differ from
the calculated strain (Bilham et al., 1974). Since there is no means of allowing
for this effect, the theoretical strain must be used; but if the inhomogeneities
present are on a scale small compared with the size of the fault plane, the
theoretical strain field will be representative of the average strain over the
fault.

4. Tests of the Triggering Hypothesis

The suggestion that these earthquakes may be tidally triggered is here tested
using standard methods, the comparison of which we believe to be important.
The techniques of Sect. 4.1 have been chosen because they deal directly with
the information available on the amplitudes of the tidal strains at the times
of the earthquakes, and being “non-parametric” tests do not involve assump-
tions about the distributions of these amplitudes, nor do they require the group-
ing of the observations into bins. Those of Sect. 4.2 have been more commonly
applied in the past and are simpler in application, but deal less directly with
the data in requiring the definition of a “phase” of the tide for each earthquake.
In Sect. 5 we give the results of a study of the cross-correlation of the earthquake
origin times with the tidal strain functions in order to obtain a qualitative
comparison of this method with the others.

4.1. Tests 0n the Distribution of Strain Magnitudes at Origin Times

Following Shudde and Barr (1977) we tested the null hypothesis that the distribu-
tion of the tidal strains at the origin times of the earthquakes may have arisen
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by random sampling of the tidal strain curve. To do this, it is necessary to
obtain a reference distribution, which may be formed by sampling the theoretical
tidal strain curve at a large number of random times. The number of random
samples must be sufficiently large that they serve to define the underlying distri-
bution. If the number of random samples is not made considerably larger
than the number of earthquakes, a difference between the two distributions
could be due to random fluctuations in the artificially generated distribution
resulting from the sampling process rather than to an effect associated with
the distribution corresponding to the real earthquakes. We used 10,000 samples
for these tests.

Pseudo-random numbers were generated using the linear congruential genera-
tOI‘

yi+ 1 541475557” (mod 228)
where y,- is the i th number to be generated. Dieter (1971) indicates that this
generator is of high quality. Random times uniformly distributed through the
period of the catalogue were generated by a linear transformation from the
numbers y,- and the tidal strains calculated for the random times exactly as
for the real earthquakes. The histogram of the strains thus obtained was taken
as the reference distribution against which the histogram of the strains at the
times of the real earthquakes could be compared.

Figure 1 shows the histograms and cumulative distribution functions formed
by these procedures, and it may be seen that the distribution of normal tidal
strain calculated for the real earthquake origin times appears to differ little
from the corresponding distribution for randomly generated events, but that
in the case of the shear strain the difference is greater.

The significance of this difference was assessed using two tests: the Kolmogo—
rov-Smirnov test and the Wilcoxon-Mann-Whitney test (Siegel, 1956), which
make no assumptions concerning the form of the distributions in question.
The Kolmogorov-Smirnov test uses as its statistic the largest difference between
the two cumulative distribution functions; this is the largest vertical gap between
the curve for the real earthquakes and the curve for randomly generated events
in Fig. 1c or d and may be written as

Max |F(x) —G(x)|

where F(x) is the fraction of real earthquakes which occurred when the strain
under consideration (normal or shear) was less than or equal to x, G(x) is
the fraction of randomly generated times at which the strain was less than
or equal to x, and the maximum is taken over all values of x. The Wilcoxon-
Mann-Whitney test uses the sum of the ranks of the observations from one
of the distributions when the observations making up both distributions are
all ranked together; this is related to the sum of the number of observations
from one distribution which are less than‘each of the observations in the other
distribution. Both tests are simple to apply, and the sampling distributions
of the statistics, which give the probability associated with a particular value
of the statistic calculated, are well known. (See, for example, Massey, 1951
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and Mann and Whitney, 1947; Siegel, 1956 gives other references.) One-tailed
tests are apprOpriate since the alternative hypotheses are directional: that is,
if there is triggering the origin times will be displaced towards times when
the left lateral shear strain or the normal extension is greatest, rather than
towards either of the possible extremes of these quantities. Application of these
tests leads to the significance levels shown in Table 1 ; these are the probabilities
under the null hypothesis of the statistic calculated taking on a more extreme
value than that actually found for the data.

25
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Table l. Significance levels

Test used Strain component

Shear Normal

Wilcoxon-Mann-Whitney 0.015 > 0.1
Kolmogorov-Smirnov 0.025 > 0.1
Schuster 0.14 0.62

It is necessary to consider in addition the effect of the existence of aftershock
sequences on the results of the above tests, since it is possible that clustering
of the earthquakes in time will result in a different distribution of the tidal
strain amplitudes from that generated by a uniform distribution of earthquakes
in time, even when there is no influence of the tidal strain in either case.
It is not necessary to omit all aftershocks since an earthquake occurring only
a few hours after the previous one occurs at a very different value of the
strain, but the possibility of an effect must be investigated. Sets of 10,000
random times, clustered in a way approximating the clustering of the origin
times, were therefore generated and the distributions of strain amplitudes calcu-
lated. These sets of times were drawn from a set of overlapping Gaussian
distributions, each of which was centred on an origin time, so that the probability
of sampling the tidal strain curve was greater close to the times when the
real earthquakes had occurred. By choosing the standard deviation of the Gaus-
sian distributions appropriately, the basic clustering in time of the real earth—
quakes is preserved in the reference set of times, but the latter will still sample
the tidal strain curve randomly with respect to the short term variations to
form the reference distribution of strains. Taking, on this basis, 25 h as a
suitable value for the standard deviation leads to the distributions displayed
in Fig. 1, from which it may be seen that they differ little from the distribution
of strains obtained from uniformly distributed random times. This indicates
that the departure of the distribution of shear strains at the origin times from
that of shear strains at uniformly distributed random times cannot be attributed
merely to clustering of the origin times. Indeed, if the distribution of shear
strains at the clustered random times is taken as the reference distribution
in the Wilcoxon-Mann-Whitney and Kolmogorov-Smirnov tests applied as
above, significance levels of 0.022 and 0.031 respectively are found, differing
little from the significance levels obtained using the uniformly distributed ran-
dom times. Whilst the reference distribution is now no longer strictly independent
of the data, these significance levels are nevertheless still the probabilities asso-
ciated with the null hypothesis that the distribution of shear strains at origin
times arose from random sampling of the distribution obtained by the procedure
described above. It was noted that the reference distributions of strains seemed
insensitive to the method used to produce them: those shown in Fig. 1, those
formed by clustering the times with a 50 h Gaussian, and those formed by
sampling at regular intervals of time (provided the interval was not a tidal
period) all fall very close together.
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4.2. Tests on the Distribution of Tidal Phases

Knopoff (1964), Shlien (197l), Heaton (1975), and Klein (1976) all use tests
based on the relationship of the time of occurrence of an earthquake to the
times of the preceding and succeeding extrema in the curve of the chosen
tidal function. Thus a tidal “phase” for the time of an event may be defined,
for example, by taking the length of time from the maximum of the tidal
strain curve immediately preceding the event. to the maximum immediately
following it as the local “period" of the tide, and dividing the length of time
from the preceding maximum to the event by this period. The result is usually
multiplied by 360° or 271: for convenience. This method makes no use of the
value of the tidal strain (or other function) at the time of the event, using
the tidal calculations only to determine the times of adjacent extrema, and
has the disadvantage that as the amplitude of a tidal function will often differ
greatly between adjacent maxima, the phase may be determined by a compara-
tively insignificant peak in the tidal curve. The advantage of the method is
that under the null hypothesis the distribution of such phases is uniform across
the interval chosen to represent a full period, and so is immediately available
for comparison with the observed distribution. This is in contrast to the situation
with regard to the strain amplitudes, when the distribution under the null hypo-
thesis had to be ascertained by the random sampling methods of Sect. 4.1.

Figure 2 shows the histograms, plotted as rose diagrams, of the tidal phases
defined by reference to the maxima nearest to the earthquake origin time in
the shear and normal strain curves. A tendency for the earthquakes to occur
around the times of greatest left lateral shear strain on the fault is discernable,
but no such effect can be seen for the normal strain. The statistical test customar-
ily used to examine the significance of the departure of such a distribution
from uniformity was first proposed by Schuster (1897) and is clearly described
by Heaton (1975) and Shlien (1971). Essentially, the phase for each earthquake
is taken as the angle of a unit vector in two dimensions with respect to an

Fig. 2a and b. Histograms of phases at earthquake origin times of a left lateral shear strain;
b normal linear strain. Phase increases clockwise from the t0p axis, which correSponds to maximum
strain. The lengths of the axes are equal to the radius of a sector containing 40 events
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axis; the statistic calculated for the distribution is the magnitude of the vector
sum of all such vectors. Under the null hypothesis the unit vectors will perform
a random walk in two dimensions, and the probability that the resultant vector
will then have a magnitude greater than or equal to R is exp(—R2/N), when
there are N earthquakes.

The probabilities obtained for the distributions of phases with respect to
the normal and shear strains are given in Table 1.

4.3. Interpretation of Significance Levels

The various significance levels we have calculated cannot easily be combined
into a single significance level for the rejection of the null hypothesis. It is
reasonable to interpret the results from the Wilcoxon-Mann-Whitney tests and
the Kolmogorov-Smirnov tests as simply corroborating one another, in that
they looked at differences between the same pairs of distributions, and to omit
from consideration the results of tests on the distribution of phases since this
test appears to be rather weak. However, we performed tests of the null hypo-
thesis using two distinct alternative hypotheses, one involving the shear strain
and the other the normal extension at the fault. Thus the probability under
the null hypothesis that one of the results should reach a particular significance
level is increased: clearly repeated trials of even a true null hypothesis will
yield a “significant” result sooner or later by chance. If the two trials were
independent then the significance levels could be combined by a standard tech-
nique such as that of Fisher (1970, pp. 99—100); but since the shear strain
and normal extension are related to one another through the tidal potential
this is not possible. This difficulty becomes acute when even more tidal functions
are used, as is apparent in the study by Shudde and Barr (1977) where significance
levels for fourteen tidal functions are calculated. Although several of these
are very small, and would be deemed highly significant if taken alone, Shudde
and Barr attribute them to random fluctuations under the null hypothesis,
and conclude that they provide no evidence for tidal triggering.

We do not therefore attempt to give an overall significance level for a
trial of the null hypothesis, but present the separate significance levels as the
best indication of the ability of this data to reveal a tidal triggering effect.

5. Cross Correlation of Earthquake Times and Tides

Knopoff (1964) calculated the cross correlation function of the time sequence
of southern Californian earthquakes with the tidal acceleration, treating the
earthquakes as a series of delta functions in time. This cross correlation is
given by

C(r)=l 21(t-tn)f(t—r)dt= Elfin—r)
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Fig. 3a and b. The cross correlation function for a left lateral shear strain; b normal linear strain.
Continuous curves: earthquake origin times. Broken curves. times obtained by adding random
numbers to the origin times

where f(t) is the tidal function of interest and the N earthquakes occurred
at the times tn. This calculation was repeated for the Swabian Jura earthquakes,
using for f the tidal normal and shear strains. The results are shown in Fig. 3,
together with the cross correlations calculated for sets of 259 random times
for comparison. The random times were generated in this case by the formula

rnztn+48an_24

where rn is the n th random time in hours and an is a pseudo-random number
uniformly distributed between 0.0 and 1.0 produced as described in Sect. 4.1
above.

In neither the case of the shear strain nor that of the normal strain are
the peaks in the cross correlation function larger for the times of the real
earthquakes than for the sets of random times. Such a result provides no evidence
for a tidal triggering effect; however, it is of interest that the peak of the
correlation for the shear strain does occur at exactly zero lag. The statistical
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significance of such correlations is difficult to assess quantitatively. The cross
correlation technique would be useful for demonstrating phase lags between
a variable associated with triggering and the origin times, but this comparison
shows that a much stronger effect or a much larger data set is necessary before
it can be applied with confidence. We think that the methods of Sect. 4.1
are a more sensitive way to test the null hypothesis.

6. Discussion

Assuming that adequate allowance has been made for the clustering in time
of the earthquakes, statistical tests based on the distributions of the strains
at the times of earthquakes provide weak evidence that the origin times of
the earthquakes in the Swabian Jura are not independent of the tidal shear
strain. There is no evidence of any influence of the tidal normal extension.
The implication for the simple model we have used is that the effect of change,
due to the tidal normal extension, in the cohesive force preventing relative
movement across the fault is small compared to the effect of tidal enhancement
of the tectonic shear stress on the fault. Heaton’s (1975) results also indicate
that the shear stress plays the predominant role in any tidal effect, although
the correlation he observes is not present in the shallow strike-slip earthquakes
amongst his sample, and Klein (1976) explains many of his results by tidally
enhanced shear on fault planes.

Statistical tests carried out on the distribution of the strains at the origin
times of the earthquakes appear to be more sensitive in detecting a tidal effect
than tests on the distribution of tidal phases. This is presumably because the
strains at the actual times of the earthquakes are taken into account in the
former kind of test. However, if an effect is accepted, analysis in the time
rather than in the strain domain gives more information about the relationship
of the earthquake times to features of the tidal strain curve, and both the
histogram of phases and the cross correlation function may be useful in this
respect.

On the basis of the significance levels obtained we cannot conclude that
tidal triggering has been demonstrated; merely that the results are indicative
that an effect may be present. Indeed, the tidal effect for earthquakes of this
type appears to be too weak to be clearly demonstrable in a catalogue of
this size and it would be most desirable to extend the catalogue in time rather
than in space. However, when a catalogue from a larger geographical region
is used, it is important that attention be paid to the details of the fault plane
solutions. It is also essential that statistical tests be carried out only on the
basis of a definite physical model in order to avoid the effects of multiple
alternative hypotheses.
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Appendix
Times of occurrence of Swabian Jura earthquakes Origin times given as year (minus 1900), month,
day, hour (GMT) and minute.

00 1 27 1 44 02 10 3 20 45 O2 10 9 14 38 11 9 6 4 21
11 11 16 21 25 11 11 23 1 59 11 11 28 17 38 11 12 12 5 8
12 1 17 4 39 12 1 17 5 12 12 1 18 21 6 12 1 18 21 19
12 1 19 1 00 l2 1 l9 5 46 12 1 26 00 00 12 2 3 3 40
12 2 5 3 46 12 5 4 16 48 12 9 27 18 9 12 12 31 17 44
13 7 20 12 6 l3 7 20 12 6 14 2 2 15 35 14 2 8 21 51
14 8 25 6 49 14 10 14 19 8 15 3 20 11 41 15 6 13 14 15
15 6 13 14 20 16 2 13 11 58 16 4 15 16 8 24 12 11 16 33
24 12 12 7 21 25 10 13 19 42 27 12 16 10 44 28 8 30 2O 11
31- 12 11 2O 45 31 12 22 2 48 33 2 21 15 45 33 2 26 3 7
33 3 1 2 13 33 6 4 19 49 33 10 10 20 55 33 10 10 21 00
33 12 30 2 43 34 1 1 14 26 34 3 17 2 9 34 3 24 2 48
36 2 18 21 3 36 2 21 17 22 36 4 19 22 21 37 6 17 9 57
38 8 2 4 11 39 3 1 11 33 39 10 11 17 43 40 8 6 15 18
42 7 17 10 26 42 7 30 21 50 42 12 3 2 l4 43 2 4 9 18
43 2 17 11 2 43 4 21 8 34 43 4 25 11 35 43 5 2 1 8
43 5 28 00 24 43 6 1 13 53 43 6 l4 21 39 43 6 24 19 43
43 7 4 4 37 43 7 14 4 16 43 8 23 3 00 43 9 14 3 27
43 9 16 5 27 43 9 16 17 19 43 9 17 6 47 43 9 18 10 15
43 10 12 9 2 43 10 13 11 22 43 10 13 23 24 43 10 17 2 30
43 10 22 10 41 43 l2 12 13 32 43 12 27 18 50 43 12 27 18 57
43 l2 27 l9 46 43 12 27 l9 53 43 l2 28 3 36 44 1 5 19 6
44 1 6 5 10 44 1 9 5 26 44 1 9 18 5 44 1 13 2 17
44 1 21 21 16 44 1 22 20 29 44 1 23 14 14 44 1 27 19 40
44 1 30 16 7 44 2 8 12 34 44 2 9 12 2 44 4 25 6 5
44 5 25 16 33 44 5 29 8 51 44 8 17 3 39 44 8 17 4 39
44 10 26 20 44 45 3 27 00 54 46 10 5 00 29 46 10 5 00 33
46 12 1 2 37 47 4 14 21 3O 47 6 28 11' 13 47 9 14 20 5
48 1 27 3 17 48 8 6 2 40 48 9 19 13 31 49 3 7 20 48
49 7 8 13 53 49 8 22 20 7 49 9 15 00 26 49 11 6 7 49
50 1 l 00 20 50 1 -20 23 50 50 1 27 5 30 50 4 13 12 37
50 5 24 14 27 50 7 11 3 6 51 10 18 19 57 52 7 10 16 12
54 4 4 l8 39 55 4 11 11 47 55 4 11 13 23 55 6 26 18 57
55 6 26 19 28 55 6 26 19 48 55 6 30 23 12 55 7 2 18 9
55 7 29 11 12 55 8 20 5 20 55 10 21 20 40 55 11 17 21 48
56 1 4 14 2 56 l 5 7 44 56 1 8 4 18 56 8 1 9 40
56 8 1 15 14 56 8 9 11 35 57 4 30 00 49 57 5 25 22 2
57 8 28 9 8 57 8 28 11 45 57 8 29 3 45 57 9 23 11 20
57 9 24 19 52 57 9 28 21 39 57 l2 8 5 54 58 2 27 6 16
58 11 5 12 24 59 1 13 11 33 59 3 18 23 21 59 7 9 9 24
59 7 9 16 37 60 3 28 2 52 60 4 5 4 25 60 12 16 14 23
61 3 23 15 42 61 4 18 3 9 61 4 19 00 16 61 4 19 7 57
61 5 11 23 11 62 1 21 6 49 62 4 8 20 51 62 4 9 00 14
62 7 3 00 59 66 4 7 8 8 69 2 26 1 28 69 3 1 20 27
69 3 1 20 31 69 3 9 6 58 69 6 6 5 27 69 6 23 00 54
69 9 22 23 45 69 9 29 21 59 70 1 22 15 22 70 1 22 15 42
70 1 22 16 14 70 1 22 16 32 70 1 22 17 3 7O 1 22 17 39
7O 1 22 17 54 70 1 22 l8 41 70 1 23 3 52 7O 1 23 7 10
70 1 23 7 51 70 1 23 15 47 70 1 23 2O 10 70 1 24 4 16
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70 l 24 7 43 70 1 24 17 14 70 1 24 21 14 70 l 26 ll 23
70 1 27 4 17 70 l 29 14 59 70 2 1 10 12 70 2 l 16 28
70 2 13 14 53 70 2 13 17 8 70 2 15 1 8 70 2 16 10 38
7O 2 20 13 9 70 3 21 20 40 7O 4 10 2O 19 70 5 25 17 45
7O 5 29 7 28 70 5 30 16 38 70 5 31 8 11 70 12 10 8 27
70 12 11 2 7 71 1 15 2 55 71 1 27 9 16 71 4 29 4 35
71 5 19 17 30 71 6 8 2 22 71 9 22 l8 35 71 11 19 3 3
72 5 17 8 13 72 5 18 8 11 72 10 l7 ll 1 73 5 6 8 18
73 6 14 5 55 73 10 19 9 16 74 2 21 20 59 74 2 22 11 8
74 2 23 00 27 74 2 25 4 3 74 5 12 19 48 74 6 24 00 23
74 10 16 3 42 74 11 11 00 41 74 11 14 17 9 74 12 1 20 39
74 12 27 8 28 75 1 25 23 52 75 6 2 19 5 75 7 17 22 37
75 7 18 21 34 76 2 18 12 58 76 3 6 7 11 76 9 1 13 30
76 9 15 23 39 76 9 16 00 6 76 9 16 22 49 76 9 18 11 10
76 9 19 12 31 76 9 21 8 42 76 9 23 11 2 76 9 28 7 25
76 9 29 18 5 76 9 30 16 45 76 10 31 17 36
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Theoretical Investigations on Acoustic Remote Sensing
of Ocean Surface Waves

H.-.H Essen
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Abstract. Some aspects of acoustic remote sensing in the ocean are discussed
with application to surface waves. Bragg scattering is assumed for the physical
mechanism of modulating the acoustic carrier. The frequencies necessary for
that mechanism are in the range of some 100 Hz. It is shown that the variance
spectrum of the modulated slowly varying acoustic amplitude is the appropri-
ate quantity for deriving the relevant statistical properties of surface waves. For
remote sensing the relationship between the measured acoustic and unknown
surface-wave spectrum is described by a transfer function. Theoretical transfer
functions are computed for CW (continuous wave) measurements over long
ranges in shallow water. A mode- and a ray-propagation model are considered
and the numerical results are compared. The transfer function depends strongly
on the angular distribution of surface waves, which usually is unknown. If, on
the other hand, both the 1-dimensional acoustic and waveheight spectrum are
measured simultaneously these values can be used to determine the angular-
distribution function. The necessary assumptions for this method are discussed
and a simple model is presented which allows the application of matrix
inversion.

Key words: Underwater acoustic — Remote sensing — Ocean-surface waves.

1. Introduction

In the last ten years the interest of oceanographers in remote-sensing methods has
increased. Especially the technique of radar backscatter from the rough sea surface
has been developed. The mechanism involved is Bragg scattering which presumes a
matching of radio wavelengths to surface wavelengths. For example, HF radio
waves are scattered by long ocean waves and the backscattered signal yields
information on the 2-dimensional wave-height spectrum as well as near-surface
currents (Tyler et al., 1974; Barrick et a1., 1977).

0340-062X/79/0045/0183/50320
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Due to the strong attenuation of radio waves within sea water only acoustic
waves are appropriate for remote sensing of the inner ocean. A possible mechanism
of coupling oceanic motions to acoustic waves is again Bragg scattering.
Considering e.g. the problem of measuring surface waves by means of sound
scattering the wavelength matching then requires low acoustic frequencies.

Contrary to the radar technique forward scattering is considered, i.e., source
and receiver are at separate positions. Due to the long duration of acoustic echos,
especially in shallow water, backscatter methods are not applicable.

In the present paper results of theoretical investigations on acoustic remote
sensing in the ocean are reported. The acoustic measurement system consists of a
bottom-mounted source and a receiver. A low-frequency continuous wave (CW) is
transmitted over a fixed range in the ocean and is modulated in amplitude and
phase by the water motions. Observations show that the modulation frequencies
correspond to the frequencies of oceanic motions, e.g. surface waves, internal
waves, tides, etc. (Clark and Kronengold, 1974; Essen et al., 1978). While the first
cited paper considers the influence of long-period motions, the second one
investigates the remote sensing of surface waves, which also is the topic of the
following chapters.

In Chapter 2 the theory of acoustic scattering from a rough sea surface is
outlined in the limit of Bragg scattering. The surface-wave heights are random
variables and thus the Doppler—shifted portion of the received signal is random as
well. This aspect is considered in Chapter 3. An acoustic spectrum is defined which
may be related to the variance spectrum of surface wave heights by a transfer
function. The transfer function itself depends on the geometry of the acoustic
propagation. For shallow water and low frequencies the sound field is best
represented by normal modes. In Chapter4 numerical results for the transfer
function are shown where both mode- and ray-models are used. It turns out that the
results become the same if the number of trapped modes is 8 or more.

A further result is that the transfer function strongly depends on the angular
distribution of surface waves. This undesired property for the determination of the
1-dimensional wave-height spectrum from acoustic measurements may be used on
the other hand for estimating the angular distribution. For this purpose both the
acoustic and the 1-dimensional wave height spectrum must be measured and it has
to be assumed that the angular distribution function does not depend on frequency,
at least within a certain interval. In Chapter 5 a technique is presented to compute
the surface-wave angular distribution from the measured transfer function by a
matrix inversion.

2. Scattering Mechanism

The influence of the sea surface is treated in the limit of weak wave-wave
interaction, or Bragg scattering. The rough surface may be compared with a
moving grate. Considering an incoming plane acoustic wave the outgoing field
includes a number of scattered Doppler-shifted waves beside the specular reflected
one. The technique for handling this problem mathematically is perturbation
expansion, which will be briefly outlined according to Essen (1974).



|00000193||

Acoustic Remote Sensing of Ocean Surface Waves 185

The sea surface may be described by the temporally varying deviations from a
mean plane (x 3 = 0),

X3=C(X1,X2,l) (1)

which are suitably presented by a Fourier sum of plane waves,

C222“ exp {i(1cx—at)}+c.c. (2)

Zn =complex Fourier amplitude
K =(K1, K2) =horizontal wavenumber vector
0 = circular frequency

Since a real notation is needed for later computations the complex conjugated
solution (c.c.) is added. Within this paper the validity of the deep—water dispersion
relation is assumed,

02 = g K. (3)

The boundary condition for a sound wave at a pressure-free surface is,

P = 0 at x3 :6 (4)

and a Taylor expansion at the undisturbed surface yields,

ap+a—:—-§+———=0 at x3=0. (5)
3

Acoustic propagation may be presented by modes or rays. In both cases the
scattered sound field is obtained from a perturbation expansion,

p=p(1)+p(2)+--- (6)

with,

IP“)! >Ip‘2’l > - — —.
From Eqs. (5)—(6) the boundary conditions of Land 2. order become,

p(1)=0 at x3=0 _ (7)
Ö (1)

p<2)=_ap
'C at x3=0 (8)

x3

where formally C is of 1. perturbation order.
Inhomogeneities within the water may be neglected and the wave equation is

undisturbed in all perturbation orders,

62 [7(1) 2
Ö?-

p(l)

with, l= 1, 2, ..., and, cW=sound velocity of water.
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The first-order plane-wave solution satisfying the wave equation and the
boundary condition is,

P(1)=Po €Xp {i(kx +k3 x3 —a)0 t)} +c.c.
—1D0 exp{i(kx—k3x3—w0t)}+c.c. (10)

(1)2 .k=(k1, k2), k3 = 73—18 = wave number of the incident plane wave
CW

99 2 source frequency.
271

This solution includes the incident and the specular reflected wave. By inserting
(2) and (10), the second order boundary condition (8) and the wave Eq. (9) yield the
solution,

p‘2)=—2i Z k3POZfc exp{i(ksx+ks3x3—(coo+sa)t}+c.c. (11)
s=xi1

'

Z+=Z‚ Z‘=Z*
Z

2

ks=k+src, km, l/CEÜZE—kf (as a<w0).
W

Apparently, each Fourier component 1c of the surface-wave field produces two
scattered acoustic waves which are Doppler-shifted by i0 from the carrier
frequency wo.

The perturbation condition (2.6) requires,

k3|CI<L (12)
Considering a 200 Hz acoustic wave at 45° incidence angle one obtains for 1 m
peak-to-trough wave height, k3 I: | z 0.2. This example illustrates the validity of the
theory.

3. Continuous-Wave (CW) Source and Fixed-Range Propagation

If the theoretical considerations about scattering are applied to acoustic measure-
ments in the ocean, the experimental configuration and the random nature of
surface waves must be considered. In this paper we will refer to measurements
carried out with a low-frequency source, where a CW signal is transmitted over a
fixed range in the ocean. Usually source and receiver are placed at the bottom of the
sea. Due to water motions the acoustic pressure is modulated in amplitude and
phase,
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p(t) = A (t) cos [coo t— dim]
=X(t) cos ((00 t) + Y(t) sin ((00 t) (13)

with,

X(t) =A(t) cos @(t), Y(t) =A(t) sin (DU).

Following the Bragg-scattering theory the received signal consists of a super-
position of first order coherent and second order Doppler-shifted waves. Beside
these contributions the oceanic noise must be included,

p(t)=po(t)+ps(t)+PN(t)- (14)
The coherent portion may be written as,

p0(t):A0(t) C“(wot—”(150) (15)

with,

A0, @0 = constant.

The contribution from scattered waves is modulated in amplitude and phase by
the motion of surface waves.

ps(t) =As(t) cos [coo t— (1550)]
= Xs(t) cos (coo t) + Ys(t) sin (a)0 t). (16)

Due to the randomness of surface waves ps is a random variable. To a good
approximation the surface waveheight C is a homogeneous, stationary Gaussian
process. Thus the Fourier coefficients Zx in (2) are independent Gaussian variables
with, cf. Kinsman (1965)

<Z„>=0
<Z„Z„‚>=o‚ <z„z;:‚>=0 if x=|:x’ (17)

and,

<62> =2Z <IZ„I2> =55 EGoc) dx.

The cornered parentheses denote ensemble-mean values. Considering now the
second-order solution (11) the single components of the scattered field turn out to
be proportional to the Gaussian variable ZK. Decomposing the components into
cos ((00 t)- and sin (a)0 t)—portions, these are uncorrelated as a result of (17). The
received acoustic signal is a superposition of all scattered wave components
reaching the hydrophone from different directions. Thus if Z; is a zero-mean
Gaussian variable it follows that XS and Y8 are uncorrelated zero-mean Gaussian
variables with equal variance,

<Xs>=<Ys>=0, <Xs Ys>=0
<X§>=<Y52>=1F.(a) da. (18)

FS(0)=variance spectrum of scattered waves.
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Here the circular frequency is denoted by a in order to distinguish the low
oceanic frequencies (a) from the high acoustic frequencies (co).

Before recording the received signal on tape it is filtered by a small bandpass
centered at the carrier frequency coo. Due to the Fourier expansion,

pN(t)= Z {06n COS (a)n t)+ß„ sin(a>„t)} (19)
n: 1

the noise contribution may be written

pica) =X„(t) cos (coo r) + no sin (coo t) (20)
with,

XNm = i {on cos [non —coo) t] +ß„ sin [<w„ —coo) t1},

no) = i in. cos [(ccn— coo) t] — a, sin [m —wo> t1}.
It should be pointed out that, as a result of bandpass filtering, XN(t) and YN(t) are
slowly varying as compared with the carrier signal. Furthermore it may be shown
[of Rice (1954)] that if pN(t) is a Gaussian process with zero mean then XN(t) and
YN(t) are uncorrelated zero-mean Gaussian processes with equal varianCe,

<XN>=<YN>=0‚ <XN YN>=0
<X§>=<YNZ>=fFN(0)d0 (21)

with,
a=w—w„

For our investigations only the variance spectra ofXS(t) and Ys(t) from the scattered
acoustic waves are of interest. In order to compute these spectra the received
(bandpass-filtered) signal is demodulated by multiplying with cos (a)O t) or sin (a)O t)
and by averaging over an acoustic period. On the basis of (14)—(16) and (19)
one obtains,

X(t) = 2p(t) cos ((00 t) =AO cos CD0 +Xs(t) + XN(t)

Y(t) = 2p(t) sin (c0 t) =A0 sin (D0 + Ys(t) + YN(t). (22)

This result implies that XS, N(t) and Y3, N(t) are slowly varying during an acoustic
period.

For surface waves only frequencies up to 0.5 Hz are considered here, which
correspond to a frequency band of (coo/27: $0.5) Hz. Within this small band the
noise may be assumed to be white,

FN(0) = const. (23)

For convenience the acoustic spectrum is defined by,
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%(<X2> +<Y2>)=IFA(0) dU- (24)
It may be expected that the scattered acoustic signal is uncorrelated with oceanic
noise. Therefore FA(a) defined by (24) becomes, cf. (18), (21), and (22),

FA(a)=%Aäö(o)+Fs(o-)+F„(a). (25)
The coherent waves only contribute at zero frequency. The contribution of noise
may be estimated by the frequency-independent portions within the observed
spectra.

4. Transfer Functions

The acoustic measurements yield the 1-dimensional variance spectrum FA(a) as
defined by (24). For describing the ocean surface a 2-dimensional spectrum is
needed, such as the directional waveheight spectrum EG(1c) introduced by (17). The
aim now is to derive the relation between these spectra. Considering only second-
order scattered waves it may be concluded from the foregoing considerations that a
surface wave of frequency 0 yields a contribution to the scattered variance spectrum
FS(0) at the same frequency. Thus the desired relation will be,

13(0): j T(a, oc) EG(a‚ oc) doc (26)

with,

K = (K cos oc, K sin oz).
,. d

EG(0, OC)=K —K EG(K).
d a

For comparing the measured spectrum FA(a) with the theoretical FS(a) the noise
contribution must be estimated, cf. (25).

The directional dependence of surface waves can be separated from the 2-
dimensional spectrum according to,

Ego, a) =FG(a) - Saw, a) (27)
where

186(0, 0:) doc=1.

Inserting (27) into (26) one obtains,

FS(0) = T(0) . FG(0) (28)
with,

T(0) = y T(a, or) SG-(a, oc) doc.
-—7E
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With this equation the inversion, that is the determination of the surface-
waveheight spectrum from the measured acoustic spectrum becomes trivial, as T(a)
is known from theory. On the other hand, only the 1-dimensional frequency
spectrum may be estimated, and no information is obtained on the directional
distribution of surface waves. The angular distribution function SG(0, a) must be
even known for computing the transfer function T(0). This restriction will be
discussed again at the end of this chapter.

The transfer function will now be computed for long-range propagation, which
means that the distance between source and receiver is assumed to be large
compared to the water depth, and that the sound waves undergo many bounces at
the sea surface and the bottom.

'

Sound propagation can be described by modes or rays. For low-frequency
shallow-water propagation the mode representation is more appropriate. We will
consider both, modes and rays, and compare the computed transfer functions.

Mode Propagation

We assume a water layer of constant depth overlying a homogeneous sedimentary
halfspace, which may be treated as a fluid. This simple model has been shown to
yield good agreement between computed and observed mode characteristics such
as depth dependence of the amplitudes and group velocities of the single modes.

The first-order acoustic wave field is generated by a CW point source located at
(r =0, x 3 =d) within the water layer, cf. Fig. 1. Thus the wave equation within first
order becomes,

_1_82p(1)_62p(1)
6%,, dt2 Öxiöxi =Q5(x1) 5062) 5(X3—d) 008(600 t) (29)

where Q = source strength,
while the second-order Eq. (9) remains unchanged. Additional to the boundary
conditions (7), (8) at the surface and to the wave Eqs. (9) or (29) the boundary
conditions at the sea floor and the wave equation within the sedimentary
halfspace must be considered. They are undisturbed in all perturbation orders.

At a fluid-fluid interface continuity of pressure and of the normal component of
particle velocity are required,

rough (free) surface

water
(cw, gw= const.)

r >>h

d CWsource
receiver

h (T sediment %

l
(c8,gB=const.) Fig. 1. Geometry of sound propagation in shallow

X3 water (2-layer fluid-fluid model)
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(l) .

} continuous at x3 =h (l: 1, 2, ...) (30)ug’)

with,

augD ap<l>p——+—=0 p=p ‚pÖt 6x3 W B

2 density of water layer and bottom respectively.
The wave equation for the sedimentary sea floor is

(12pm 52pm
612

—cf, Öx.Öx.=0 for x3>h (31)

cB=sound velocity of the sea bottom.
With (29)—(31) the first-order far-field solution becomes.

p(1)(r, x3, t) = £11 r‘% An g0„(x3) exp {i(k„ r—wo t)} + C.C. (32)

with,
=

rzm>>h

Q<p„(d) exp (i g)
A n

=
w

1

.

4’l 271:a
E

€05 dX3

The mode functions gon(x3) and horizontal wavenumbers kn are solutions of an
eigenvalue problem. A detailed derivation of (32) is given by Kuperman and
Ingenito (1977).

The acoustic field (32) only includes a finite number of trapped modes, i.e.,
waves which are totally reflected at the sea bottom. The continuum of leaking
modes may be neglected as, due to multiple reflections, nearly all energy is
transferred to the infinitely deep sea floor for long-range propagation.

To find the second-order solution, the first-order solution (32) and the
representation of the surface wave—heigth (2) are inserted into the boundary
condition (8) at the sea surface. Beside this the second-order wave equations of the
water layer (9) and of the sedimentary halfspace (31), and the boundary
conditions at the water-sediment interface (30) must be fulfilled.

For long-range propagation we only are interested in the trapped-mode portion
of the solution, which becomes nonstationary (=resonant) if the scattered
wavenumber and frequency satisfy the dispersion relation of trapped modes,

ks=kn+SK
wm=w0+sa

(5: +1). (33)
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This means that com ist the frequency of the mode m at the wavenumber ks. The
solution in the vicinity of the resonant branches is,

pm= Z r‘%A„ZZ{DS<0m(x3)qs(t)+ws(x3)}
ks

s=i'1

. exp {i(k—(a)0+sa) t} +C.C. (34)

with,

I
0

I
O

00Ds=————‘”"‘W Ä em=I—— am
pWem O

1—exp{i(a) +so—wm)t}
qs(t)=

0
2 2

(600+S0') —a)m

where,

coo+sa>0 as 0<w0.

At a fixed point, e.g., at the position of the receiver, the scattered field of course is
stationary, but the temporal increase of the solution (34) has to be regarded along
the wave path and describes the transfer of energy.

Asymptotically one obtains,

7t
‚TEE lqs(t)|2=—2a)‚%‚ Ö(wo+SG-wm) (35)

with,

d ö——= — l 1dt um
firs

(rs paral e to ks)

um:
dks

group veloc1ty.

We are interested in the variance spectra of XS and YS from,

[9(2) =XS cos (a)O t) + YS sin (a)0 t). (36)

Due to the interference pattern of the scattered modes qpm the functions XS and Y5
depend on the vertical coordinate \3. It is therefore meaningful to consider the
vertical average of the variance spectra

Making use of the orthogonality of the eigenfunctions we define,

c2 °O 1p’ghw O pcz
—(<X2>+<Y2>))=dx3

2m
E’" (37)

with,

dEZ‘S_ TC z IA„I <IZI>IDSfiVI2pW em 6(w0+sa— com.)
S=__1

Örs —2rvm
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wind

Fig. 2. Geometry of the scattering paths.
ks = k„+sx (s= i1); k: horizontal acoustic
wavenumber; 1c: wavenumber of surface waves

CWsource receiver

By taking care of the geometry of the scattering problem shown in Fig. 2 the
integration may be carried out. Instead of discret wavenumbers a continuous
notation is used and a relation between the two-dimensional acoustic and
waveheight spectra is obtained. Because the measurements give only the one-
dimensional acoustic spectrum, we integrate over all directions of incoming waves.
The result is,

FS(0)= 5 T(0, oc) EG(0, oc) doc (38)

with,
2~ TC C“a,“- pzvl.W slk—s—i—y.22.“m .

More detailed investigations on wave-wave interaction are given by Hasselmann
(1967), and the problem of acoustic scattering at the sea surface in shallow water is
treated by Essen and Hasselmann (1970).

Ray Representation

Rays in comparison with modes stand for a further simplification of sound-
propagation theory, which is obtained by neglecting the interference of up- and
downwards travelling waves in the ocean. Rays are a suitable representation for a
deep ocean, where adjacent modes become very close, and the (horizontal)
wavenumber may be considered as a continuous variable.

The transfer function may be computed by intensity considerations. This
procedure includes three steps:

(a) Determination of the radiated (1. order) intensity at each point of the sea
surface: Again an isotropic point source of constant frequency is assumed [cf. (29)],
and the horizontal distance from the source should be large compared with the
water depth.

(b) Computation of the scattered (2. order) intensity: This can be done in
dependence on the 1. order intensity with help of (11).

(c) Summarizing the intensities of all waves reaching the receiver from the
different horizontal and vertical directions. The geometry is the same as in Fig. 2.
As for the mode computations only the 1. and 2. order solutions are considered,
which are totally reflected at the sea floor.
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With the assumptions (17) about the surface-wave statistics one obtains,

2 2 . .wo Q sm 9a tg 9a Sln 9 tg 9T =———_— s S d9 d8(6’ or) SR2 h2 63V 5:21” sinzy “ S

with,

kg:gg cos 9a; ks=£U—s cos
CW CW

ks=ka+SK‚ w5=w0+sazw0 (s: i1). (39)

This result does not depend on the vertical positions of source and receiver, as may
be understood by the outlined way of computation. In the limit of many (dense)
modes the mode transfer function (38) must approach the ray transfer function (39).
The summations over n and s are replaced by integrations with respect to 9a and 95.
Furthermore the phase change for sea-floor reflection is not considered in ray
computations and (39) is obtained from (38) by assuming pB= 00.

Numerical Results

Before presenting computed transfer functions some general statements should be
made. The equations (38), (39) show that there is no dependence on the distance
between source and receiver. This surprising result follows from the geometry of the
scattering problem.

The water depth is of influence on the mode transfer function as the ratio of
acoustic wavelength and water depth determines the number of trapped modes.

In order to simplify the presentation of the numerical results a dimensionless
transfer function is defined by [cf. (28)]

2 2 2 n

nag—”:4 5 fing, a) 30(0) or) doc. (40)
we Q _ 1:

Figure 3 shows transfer functions for continuous wavenumbers (rays) at the carrier
frequencies of 200 and 400 Hz. A very strong influence of the surface-wave
directions is found. Higher carrier frequencies yield a shift of the curves to higher
frequencies.

It should be mentioned that the ray transfer function becomes infinite at y = n/Z,
which refers to infinitely distant scattering points. For the frequencies regarded in
our computations these points are excluded, i.e. O§y<7r/2.

Considering the mode-transfer function (38) it turns out that it exists of a
sequence of (integrable) singularities, which result from scattering points on the
straight line between source and receiver (y=0). It is convenient to define a
smoothed transfer function,

a+Aa

FM(0)=2—:l-; 5 F(a)d0 (41)
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Fig. 3. Theoretical transfer functions for a ray-propagation model. CW frequencies: 200 and 400 Hz;
angular—distribution functions:

b—A A A 7t—S f A g—
SG(Ö, a): TC

( ) or |a|_2

0 else

with, :2 = 5x — ocW. cxW =mean surface-wave (or wind) direction
75 A . . A A

§(o?)=(a) gcos4 0?, (b) 2 cos2 0?, with, ocW =5,
(6) oc, w1th, ocW=arb1trary, (d) 2 cos2 oc, (e) gcos4 0:,

with, ocW = 0

lnfl‘M)
Fig. 4. Theoretical transfer functions A
for a mode-propagation model. CW _4_ 200 HZ
frequency: 200Hz; angular-distribution
function: _542 ( ) f I |<”—cos oc—oc or oc—oc _—Sa<w>= n W W -2 -5- a)

0 else b)

water depths and mean surface-wave .7q
(or wind) directions: C)

. n '8‘ d)(a) h=20m, (b) h=60 m, w1th,
ocW=§

(c) h=20 m, (d) h=60 m, with, cxw=0; ‘9'
sea-floor parameters: CB: 1.15 - CW, pB= 1.9 - pW ‚ ‚ ‚ ‚

d:01 0.2 0.3 oz. _
2 1T [Hz]

with,

A0<m

In Fig. 4 computed FM(0) are shown for a carrier frequency of 200 Hz and a cos2
distribution of surface-wave directions. The water depths are 20 and 60 m, which
correspond to 3 and 8 trapped modes, respectively. The low-frequency cutoff of the
curves is determined by the smoothness of the function (41). For about 8 modes and
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more the ray-transfer function can be used. This was verified for a number of
different acoustic carrier frequencies and surface-wave direction functions.

The inverse problem, i.e., the problem to determine the 1-dimensional
waveheight spectrum from the measured acoustic spectrum, requires the knowl-
edge of the angular distribution of the surface waves. Of course this is a very crucial
restriction, since the measurement of the surface-wave angular-distribution is much
more difficult than the measurement of wave height. On the other hand, with the
knowledge of the mean surface-wave direction and an empirical angular distribu-
tion function such as cos” (1 g ß g2) one may get a satisfactory estimate of the
surface-wave spectrum from acoustic measurements.

The dependence of the transfer function on the surface-wave directions allows
the determination of the angular distribution, provided that certain assumptions
can be made. This will be discussed in the last chapter.

5. Determination of Surface-Wave Height Directions

Within several experiments in the North Sea, performed by the Institute of
Geophysics in Hamburg, the acoustic and wave height spectra have been measured
simultaneously, and from these data experimental transfer functions may be
obtained. We will investigate the possibility of determining the directional
distribution of surface waves from these data. For this purpose it must be assumed
that he angular distribution SG, cf. (27) does not depend on frequency within a
certain interval,

SG(0,a)=SG(oc) for aflgagao (42)

where,

00—0“ zOJ HZ
7t

and that the transfer function was measured for N frequencies of this interval,

T„=T(0„) (n=1,...,N) (43)

with,

aflgangao (data).

The problem is now to invert the following relation, cf. (28)

T": E T(an,oc)SG(oc)doc (44)

where T(a, oc) is known from the theory presented in the preceeding chapter.
A reasonable method of inversion is a least-squares fit. In order to make use of

the matrix inversion method as presented by Jackson (1972), the continuous
distribution function is approximated by a number of discret steps,

SG(oc)+SG(oc+7r) =Sm for (m—1)-Aoc—g§oc§m-Aoc—g (45)
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with,

Aoc=— (m=1, ..., M) (model).

Ocean surface waves travelling in opposite directions yield the same contribution
to the transfer function. This ambiguity has been taken into consideration by
defining Sm in (45).

With (45) the inversion problem (44) becomes,

M

m: 1

with,
m - Aac—E

2 ~

Gnm: j T(U„‚ oc) doc.
(m— 1) - Act—1

2

The data Tn depend linearly on the model parameter Sm. We assume that the
number of data exceeds the number of model parameters,

N>M. (47)
Following Jackson (1972) we consider the coupled eigenvalue problem,

G v =1“
GTuzÄv (48)

where G is the n x m matrix defined by (46), and u and v are eigenvectors with n or m
components, respectively. The nonzero eigenvalues are computed and ranked in
decreasing order of magnitude.

lf;l§;..gl§>0 (49)

with,

p§M<N.

The generalized (Lanczos) inverse of G is defined by,

H = VA— 1 U T (50)

where U and V are the n x p and m x p eigenvector matrices, respectively, and A is
the diagonal p x p matrix of the nonzero eigenvalues. It can be shown that H is a
least-aquares inverse.

In order to test the method, angular distribution functions have been computed
for artificial data. In Fig. 5 an example is shown, where the data correspond to a
cos2 angular distribution with two different main directions. The number of data is
N = 11 from the frequency interval 0.1—0.2 Hz, and the number ofmodel parameters
is M = 5 or M = 7. The number of nonzero eigenvalues is M, but the higher
eigenvalues become very small. It is useful to construct the inverse H out of
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Fig. 5. Angular-distribution functions computed by matrix inversion from theoretical “data”. CW
frequency: 200 Hz; N=11 data, i.e., computed values of the transfer function at equidistant
frequencies between 0.1 and 0,2 Hz and for continuous angular-distribution functions (dashed lines);
M =5,7 model parameters, respectively

eigenvectors only, that correspond to the p largest eigenvalues, which are in our
example, p=3 for M=5, and p=5 for M=7.

As may be expected for artificial data the steps of the model angular distribution
Sm fit the continuous cos2 distribution quite well. Measured data and an estimation
of errors will be presented in a later paper.
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Abstract. The results of a regional magnetotelluric survey carried out during
exploration for new energy resources in the northwestern part of the Federal
Republic of Germany were used to make maps of the average electric
resistivity of the sediments between the earth’s surface and the Zechstein
base as well as of the sediments between the Zechstein base and the top of
the basement. Structures striking E-W were dominant in these maps.

Furthermore, anomalies occur with a strike of NE-SW to NNE-SSW. A
region of very low resistivities of pre-Zechstein layers striking E-W at the
southern margin of the North German Basin is of special interest. Maps of
the average resistivity are compared with temperature maps of subsurface
levels at 2000m and 3000m depths in Northwestern Germany. There is a
remarkable correspondence between zones of low resistivity and regions of
significantly elevated temperatures. The possible origins of both anomalies
are discussed.

Key words: Geothermics — Magnetotellurics — North German Basin -—
Temperature distribution — Conductivity distribution — Prepermian.

Introduction

Geothermal and magnetotelluric studies have been carried out during explo-
ration for new energy resources in North-western Germany since 1975. In-
vestigations to establish a temperature atlas for the Federal Republic of Ger-
many were sponsored by the Federal Ministry of Research and Technology
(BMFT) (Wohlenberg, 1978). This project was executed by the
Niedersächsisches Landesamt für Bodenforschung (NLfB). Object of the in-
vestigations was the mapping of potential geothermal resources in the subsur-
face of the Federal Republic. Temperature data were taken from
(1) drilling reports from the oil industry, (2) temperature logs recorded in

0340-062X/79/0045/0199/50l.80
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boreholes and mines, and (3) calculated temperature-depth functions based on
heatflow and thermal conductivity data.

Temperature maps based on these data were plotted for the subsurface of the
Federal Republic of Germany.

At the same time, the BMFT and the LEP (Landes-Entwicklungs-Plan)
funded large-scale magnetotelluric experiments to investigate the size and struc-
ture of the sedimentary basin of NW Germany with special interest in more
detailed information on the pre-Zechstein strata. This work was carried out by
the BGR (Federal Institute for Geosciences and Natural Resources). The
magnetotelluric investigation can be divided into three parts: (1) computer
controlled digital recording of the electric and magnetic field components (time
series); (2) analysis of the time series by extensive data processing (sounding
graphs); (3) construction of a model of the subsurface structure from the
sounding graphs combining model computation and geological information.

This paper presents the results of both investigations and discusses the
possible common origin of the temperature and electric resistivity anomalies.

Geothermal Investigations

Temperature data for the construction of the temperature maps were collected
from more than 4,800 drill holes out of a total of 16,000 bore holes. The
geographical distribution of these data is not uniform throughout the area of the
Federal Republic of Germany. Only the oil-bearing sedimentary basins have a
high density of boreholes, i.e., a high information density. For the region under
consideration, namely the sedimentary basin of northwestern Germany, temper-
ature data was obtained from more than 3,770 drill holes. In addition, the NLfB
took high quality temperature logs in 26 deep drill holes. Temperature-depth
curves could be calculated from 8 heat-flow measurements. The quality of the
data taken from the drilling reports is uncertain. Therefore, a statistical treat-
ment was applied to all of the data. Temperature-depth curves were calculated
on the basis of all the available temperature data from within areal elements of
12 x 12km, taken from the 1:25,000 topographical map grid. The so produced
temperature maps for several depth levels were smoothed applying a two
dimensional moving average over nine elements. On the basis of these refined
charts, isothermal maps were constructed for depths of 100m, 250m, 500 m,
1,000 m, 1,500 m, 2,000 m, and 3,000m (Wohlenberg, 1978).

A map of temperatures at a depth of 2,000m is shown in Fig. 1. Differences
of more than 20°C occur at this level. A region of remarkably elevated
temperatures stretches from the Netherlands through the area of Hannover to
the Flechtinger Hills. Temperatures are significantly lower to the north and
south of this region. Less pronounced anomalies striking NE-SW and NNE-
SSW appear in the northern and southern part of the region shown in Fig. 1.

A similar pattern of anomalies is shown in Fig.2 for the 3,000m level.
Temperature differences of more than 30°C are observed at this level. The
higher temperatures appear along the southern margin of the North German
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Fig. l. Isoline map of temperatures at a depth of 2,000m in the northern part of the Federal
Republic of Germany (Wohlenberg, 1978); in °C

Basin, similar to what was observed in Fig.1 for the 2,000m level. The E-W
striking anomaly obviously becomes more significants with increasing depth.

Magnetotelluric Investigations

The interpretation of the magnetotelluric observations is based on tensor
rotated curves of apparent resistivity (p12, p21) and phase (m12, gozl), rotation
angle of the principal axes and skewness in the period range 0.2 to 2,048 3. For
cases in which both the curves of apparent resistivity and both the phase curves
did not deviate too much from each other a single new curve of apparent
resistivity ‚ö and also a single curve of phase (5 was calculated as follows:

fil/p12(Tx)‘pzilTxls (fix:%[(P12(7:c)+9021(Tx)]
TK=period rc= 1,2, 3
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For interpretation in a first step, a horizontal layer inversion according to
Bostick (1976) resulted in an approximative resistivity-depth curve for each
observation point. In a second step, a correlation of maxima and minima of
these resistivity-depth functions between the neighbouring points was successful,
and first horizontal layer models were constructed. From these models it was
possible to derive number, thickness, and approximate resistivity values of the
layers down to the high resistivity magnetotelluric basement. An improved
second model was constructed using the horizontal layer inversion according to
Marquardt-Miiller (Müller, 1977).

As a characterizing parameter for the subsurface below each observation
point, the integrated conductivity S is of special interest. S is not very sensitive
to changes in the model. It is defined for a series of highly conductive layers
above a high resistivity basement:

n—l},+S: i (1)
Il=1 pi
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Fig. 3. Isoline map of electric resistivity pm (ohm-m) in the post-Zechstein formations in the
northwestern Germany constructed from magnetotelluric data (Knödel et al., 1978)

where h,- =thickness of the layers,
,0, = resistivity,
n—1=number of layers above the basement,
Hm =number of layers above the Zechstein base,
up =number of layers between the Zechstein base and, the basement,

i.e., nm+np=n— l.

In addition, the following relationships are valid:
n—l

h: z h,=5-s (2)
i=1

where ‚ö : average resistivity.
Since S behaves additive, the integrated conductivities can be defined for

parts of the series as well:
am _ n—l hsg=sm+sp= X —‘+ Z —‘—. (3)
i=1pi i=nm+1 Pi
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Fig. 4. Isoline map of electric resistivity pp (ohm - m) in the pre-Zechstein formations in northwestern
Germany constructed from magnetotelluric data (Knödel et al., 1978)

The S—values can be calculated from results of the horizontal layer inversion at
any observation point. The average resistivities pm and pp for the layers above
and below the Zechstein base can be determined from Sm, Sp, and the cor-
responding thicknesses (for the distribution of the depth of the Zechstein base see
International Map of Natural Gas Fields in Europe, Bundesanstalt fur Geo-
wissenschaften und Rohstoffe, Hannover 1972). The thickness of the layers from
the Zechstein base down to the basement is changing from 7 km in the southern
part to 11 km in the northern part of the region under consideration (for further
information see Losecke et al., in press).

Figure3 shows an isoline map of the average resistivities pm above the
Zechstein base. The isolines were derived from observations at approximately 50
stations arranged on a rectangular grid of about 40 km between points.

Figure4 shows an isoline map of the average resistivities pp for the layers
between the Zechstein base and the basement. The p values vary in both maps
from 1 to 109m.

The great difference in the pattern of isolines for Pm and pp (Figs.3 and 4,
respectively) is remarkable. While for the post-Zechstein layers the lower
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resistivities appear‘in the more northern parts of the region under discussion, the
pre-Zechstein pattern is just the reverse, the low resistivity values appear in the
southern parts. The very low resistivity values pm near the Weser west of
Hannover are an exception. Structures with an E-W strike are prominent in
Figs. 3 and 4. Besides these, there are structures with a NE-SW to NNE-SSW
strike. Of special interest is a region of very low resistivities on the southern
margin of the North German Basin (pre-Zechstein).

Discussion of Results

1. Extrapolating the temperature field presented in Figs.1 and 2 for pre-
Zechstein layers and assuming only electrolytic conduction, temperature con-
trolled differences of not more than 20% of the mean value can be expected for
the average resistivity pp. Under these conditions the observed pattern of the
resistivity pp (Fig.4) can be explained by variations of the temperature field to
only a small amount (<20 %).

2. The attempt to explain the pattern of resistivity pp by variations in the
facies is not satisfactory. There is at present no indication of such an extensive
facies difference. Moreover, the attempt to correlate the temperature pattern
with facies changes leads to a contradiction of the results of the magnetotelluric
investigations, because a simultaneous increase in electric and thermal con-
ductivity would be required, which is very unlikely.

3. The assumption of several thin layers ofhighly concentrated semiconductive
or metallic minerals (e.g., pyrite or graphite) could explain the resistivity (pp)
pattern. Such high concentrations of conductive minerals over large areas are
unknown.

4. Another explanation for the observed anomalies in the parameters pp and
T is possible: the regions with the lowest resistivities and elevated temperatures
coincide with a region of tectonic activity, namely the basin of Lower Saxony
(see Fig.5) (Boigk, 1968; Stadler and Teichmiiller, 1971). The boundaries of the
basin to the north and the cast are formed by the Pompeckj swell, to the south
by the Rhenish Massif along old fault zones. The E-W striking basin crosses the
Mediterranian-Mjosen lineament. Two independent tectonic events determined
the present shape of the Saxonian basin. Tectonic shear strains during the Upper
Jurassic caused the subsidence of a broad crustal strip and the intrusion of
magmatic matter. The thickness of the Upper Jurassic and Lower Cretaceous
sediments reached 3,000—4,000 m, depending on the amount of subsidence.

An orogenic phase during the Upper Cretaceous caused an uplift of the
basin of approximately 1,000 111. During this phase, the inner part of the Lower
Saxonian Basin was subjected to intensive block faulting with thrusting along
the northern and southern margins. According to Boigk (1968), the possible
origin of these dynamic processes are vertical movements within subsaliniferous
and/or still deeper crustal layers. Seismic studies by Polskov et al. (1976) in the
North German-Polish basin east of Lower Saxony under discussion have shown
that extensive fault zones exist across the entire crust. Phases of repeated
tectonic activity occured along these geologically unstable zones during all the
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Fig. 5. The geologic and tectonic macro-structure _of northern Germany according to Boigk (1968)

times and in Precambrian created E-W striking fault systems were reactivated and
extended by different dynamic processes (Lauterbach and Lauterbach, 1973).

These continuous tectonic activities probably not only produced numerous
fault systems, but also increased the crack porosity. Particularly the pre-Zech-
stein sedimentary layers were subjected to phases of uplift and subsidence
during the Jurassic and Cretaceous.

The crack porosity still exists even under effective pressures of more than
3 kbars (Hurtig et al., 1972). Since the water filling the pore volume reduces the
effective pressure, fracture porosities can be expected for the whole Palaeozoic
formation. It may be remarked within this context, that within several deep
drillings at depths larger than 5 km porosities of more than 5 % have been found
for Palaeozoic formations. In many cases the pore space was filled by water.

This model easily explains the pattern of resistivity pp of the pre-Zechstein
sedimentary layers by electrolytic conductivity in a medium with regional
differences in fracture porosities. The high temperatures at the 2,000m and
3,000m levels are then caused by heat convection processes along the unstable
zones described above. Hurtig et al. (1975) have discussed connections between
geoelectromagnetic and geothermal anomalies on the one hand and fault zones
on the other hand.
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Effect of the Coastline Configuration
of South Indian and Sri Lanka Regions
on the Induced Field at Short Period

M. Takeda and H. Maeda*
Geophysical Institute, Kyoto University, Kyoto 606, Japan

Abstract. Deformation of induced currents by the Palk Strait and the coasts
of India and Sri Lanka (Ceylon) is studied by data analysis and model
calculation in the cases of SSC’s and bay disturbances at night. In the model
calculation a thin flat layer model in which only contrast of conductivity due
to the distribution of land and depth of sea is taken into account is used, the
inducing field is assumed to be parallel to the geomagnetic axis, and the
effect of self induction is included. It is found that the anomalous distribu-
tion of geomagnetic SSC’s or bays in the South Indian region during the
nighttime could be explained, at least qualitatively, by abnormal current
patterns caused by the Palk Strait and the coasts of India and Sri Lanka. It
is also found that a large phase lag is expected in the induced field especially
in the D and Z components at shorter periods, as an effect of self induction.

Key words: Geomagnetism — Induction — Palk strait.

1. Introduction

It was often pointed out that geomagnetic variations observed on the ground are
much affected by oceans. In a previous research note (Takeda and Maeda, 1978)
we have suggested the possibility that anomalously large amplitudes in the
horizontal component of SSC’s at Annamalainagar in India may be resulted
from a concentration of induced currents at the Palk Strait. Also, Nityananda
et a1. (1977) has recently examined mean direction of “anomalous” horizontal
variations of SSC’s and bays at Annamalainagar and Trivandrum, and men-
tioned that the reason of this anomalies may be caused by the induced currents
along the coastline and through the Palk strait. In this paper, we first show that
not only SSC’s but also bays have abnormally large horizontal amplitude at
Annamalainagar in the nighttime, and then by model calculations by taking a

* Also at the Data Analysis Center for Geomagnetism and Spacemagnetism, Faculty of Science,
Kyoto University

0340-062X/79/0045/0209/$02.00
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self-induction term into account, we attempt to explain this anomaly in terms of
induced currents in the sea around the Indian Peninsula and through the Palk
Strait.

2. Data Analysis

In a previous note (Takeda and Maeda, 1978) we studied the amplitude
distribution of H component of nighttime SSC’s in the equatorial zone of
American, Pacific and Indian regions, suggesting different effects of induced
currents in the Earth. In the Pacific region the distribution is rather uniform
because of uniform induced currents. However, in the Indian region a quite
different distribution is seen, and we suggested that the anomaly of this kind
may be caused by induced currents in the Palk Strait.

In order to examine the anomaly in the Indian region, we have analysed the
H component of bays during the IGY, 1957—1958, in the nighttime, but an
apparent anti-equatorial enhancement is also seen in bays as well as SSC’s.
Furthermore, as is shown by Nityananda et a1. (1977) and Singh et a1. (1977), the
amplitude of Z component observed at Annamalainagar and Trivandrum at
night is so large (equal or more than the H component) that it cannot be
explained without considering a current-density gradient in the Earth.

3. Method of Calculation

The method of calculation in this study is based on the theory of elec-
tromagnetic induction within a non-uniform thin plane sheet conductor. It was
established by Price (1949) and applied to actual problems by Sasai (1968) and
Honkura (1972).

Assuming that the inducing field is parallel to the geomagnetic axis, we can
put the potential of this field as

We=AO exp(iwt+/iz)sin(lx) (1)

where a) is equal to the angular frequency of the inducing field, z the upward
distance measured from the Earth’s surface, x the northward distance measured
from the geomagnetic equator, A0 is a constant and we assumed it to be unity,
and 1/1 is defined as the wavelength. Considering that the space of the inducing
field is about as large as that of the Earth, 1/‚1 could be put to the Earth’s radius,
though the value of Ä does not much effect on the results. Then we can write the
induced current function To in a conductor (sea) having uniform depth as

l110:2(1—oci)/(1+oc2) exp(ia)t) sin(/lx) (2)

where oc=2ÄpO/(am)‚ p0 = 1/(00 DS), 00 is the conductivity of the sea water which
is supposed to be 4 S/m (=4 mho/m), DS is the assumed uniform sea depth, and
‚u is the permeability (47r><10’7 H/m). And the total current function '1’ may be
written as
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W=lP0+z/w (3)
where 0,0 is regarded as a current function due to anomalous (or additional)
current distribution.

The equation to be solved thus becomes

02*
pAt//+l7p- VW: _(P—PO)A'PO_V(P*P0)' Vlljo'l'li _—

Ö t (4)

where p is inverse of the integrated conductivity. If we define the equivalent sea
depth D, it can be written as 1/(00 D). Z* is the vertically downward component
of the magnetic field generated by the current function w, and written by Biot-
Savart’s law as

N 7C

1
where (r, 6) is the polar coordinate originated at a point the value at which we
require. Substituting (2) and (5) into (4), we obtain an equation which contains l/l
only. Thus, solving this equation by the relaxation method, we can get the value
of 1/1 as a function of place. Once we get (I! and so '1’, using the relation between
magnetic potential by the inducing currents W and current function 'I’

Zflqm= 15¢ _ 1 Zmlp(r,0)—z//(0,0)
OL—18

1
47:

W: l11/2 (6)
the magnetic fields (H, northward; D, eastward; Z, downward component) by
the induced current are obtained as follows:

ÖW 16W
=_733c—=—§Ec_
_ ÖW_ IÖ‘I’

_E—“fi;
Z=__1__25"Oj>w(r6)91(0,0) drd6—4—1n2)?(r0)2’¢(00)drd9 (7)

475 0 o 7'2 0 0

where (r, 6) is the same coordinate as in Eq. (5).
In the actual calculation, DS is taken to be 2000 In, the mesh interval to be

15 Km, and a 1200 Km square mesh putting the Palk Strait near the center of
the square is adopted. The isobaths in the Indian ocean are shown in Fig. 1,
together with three magnetic observatories (Annamalainagar, Kodaikanal, and
Trivandrum). Using this map, the equivalent sea depths are determined as
follows: In the sea region deeper than 2000 m, D is taken to be 2000 m, in the
region of depth between 1000 m and 2000 m, D to be 1500 m, and in the region
between 200m and 1000 m, D to be 600 m. In the land region D(=D0) is
assumed to be 10 m at first and 100 m in the next. When D0 is taken to be 10 m,
D in the region of depth between 0 m and 200 m is taken to be 100 m, and when
D0 = 100 m it is taken to be 200 In. As for the boundary condition, w is put to be
0 at the sides of the largest mesh square, and this is equivalent to the assumption
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Fig. 1. Distribution of the
Indian magnetic observatories
(Annamalainagar, Kodaikanal,
and Trivandrum) and the isobaths
(—200 m, — 1000 m, and —2000 m)
in the Indian ocean

that the indiced (westward) current is not disturbed outside of this mesh, and
current density is constant on the west or east side.

In the calculation of the self induction term [Eq. (5)], we summed the terms
up to the points at a distance of five times (75 Km) of mesh intervals. Assuming
that the additional current function decreases and tends to zero as inversely
prOpotional to the distances, we express the remaining terms by integral. So the
form of self induction term used in the actual calculation is as follows:

d
211x: Wm X T—ll/(iaj)5 . - o .. . ll/(z+k,}+l)—I,(/(t,j) 12* =— - __(I?!)

LIE—5 47t(k2+12)3/2d 47: g oi, r2 d?
k1+12¢o

5 i+k‚'+l— i,’ i,‘:_ Z tl/( i )wt/2/(J)_10L„_+W(J) (8)“=4 47t(k +1) d 4d,, 2d,
k3+12¢0

where d is the mesh interval (15 Km), d, is the radius of a circle (105 Km) which
has the same area as the eleven mesh interval square, and up," is the mean of [if
on the sides of it. Other methods, such as using only first term of Eq. (8) or
summing from k, I: — 10 up to 10, were studied, but they did not give so much
different results. However, in the calculation of the induction of 1 min period,
the self induction term cannot be neglected. If we do not take this term into
account, the effect of the inhomogeneity of conductivity is overestimated, but in
the imaginary part (phase shift) it is underestimated. Calculations were made for
two inducing geomagnetic fields, one has a l min period that may correspond to
SSC’s, and the other has a 60 min period to bays.
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T=Imin

Fig. 2. Streamlines of the total induced currents for the inducing field of 1 min period (left) and those
of the additional part (right). When the inducing field changes by lnT, the current flowing between
the adjacent lines is 100 A in the left and 25 A in the right

T=60min

Fig. 3. Streamlines of the total induced currents for the inducing field of 60 min period (left) and
those of the additional part (right). When the inducing field changes by 1 nT the current flowing
between the adjacent lines is 100 A in the left and 25 A in the right

4. Results and Discussion

The total current patterns in the case of D0: 10 m are shown on the left-hand
side of Fig. 2 (for 1min) and Fig. 3 (for 60 min). It is generally seen that the
streamlines are influenced by the distribution of Indian Peninsula and Sri
Lanka. In order to see more clearly the deformation of induced currents, the
additional current parts are shown on the right-hand side of Figs. 2 and 3. It is
clearly seen that the induced currents are much distorted along the coasts of
India and Sri Lanka, especially in regions of the south of India and Sri Lanka
and in the Palk Strait. These kinds of deformation are usually called “peninsula
effect" and “strait effect”, respectively.
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Fig. 4. Streamlines of the imaginary part of
induced current function for the inducing
field of 1 min period. When the inducing
field changes by 1 nT, the current flowing

T = | min between the adjacent lines is 25 A

SSC BOY
‘ l 4 0-...

-
l 4

‘A
\

.0...
\\

I 2 ' .‚ x “I 2
o. \

at Fig. 5. Distribution of the observed
Po (0 lb [.0 (full lines) and calculated (broken

lines for D0: 10 m and dotted lines
for D0: 100 m) amplitudes of SSC‘s

I l l l J 1 (left) and bays (right)
ANN KOD TRD ANN KOD TRD

Figure 4 shows the distribution of the imaginary part of the current function
for l min period, and this result means that the induced current shows a phase
shift from the inducing field because of self induction. This phase shift can be
regarded as the total phase shift, because in the uniform state the imaginary part
is very small (or times the real part, where at is 3 X 10‘4 for l min period and
0.018 for 60 min period). Such a phase shift by the additional current was very
small for the 60 min period and so we did not show here.

Since the result of these distorted currents can be observed as geomagnetic
variations, we have calculated the magnetic effect of the inducing and induced
currents. Figure 5 shows the distribution of observed (full line) and calculated
(broken or dotted lines) amplitudes of H-component for SSC’s (left) and bays
(right) at Annamalainagar, Kodaikanal, and Trivandrum normalized at Tri-
vandrum. In this figure the broken lines are for the case of D0=10 m, and the
dotted line for the case of D0=100 m. The ratio calculated for D0=10m is
larger than the observed one at both Kodaikanal and Annamalainagar, and that
for D0 z 100 m is nearly equal at Kodaikanal and smaller at Annanalainagar for
SSC’s. But they are both larger for bays.
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One of the most difficult problems in calculation of this kind would be the
estimation of the conductivity of land. If we suppose that the land conductivity
is 5 x 10‘3 times the sea conductivity, the assumption of DO: 10 m means that
the current induced in the sea does not sink so deep and flows horizontally in
the land, whereas that of D0: 100 m means that it spreads in the land about ten
times deeper than in the sea. As is seen in Fig. 5 the observed ratio is almost
between the results for these two D0 values, so that for SSC’s the spreading of
induced currents in the land would be between one and ten times the assumed
sea depth if other assumption are justified.

The distribution of calculated magnetic effects is shown in Fig. 6a—c for the
components of H, D, and Z respectively, in the case of D =10 m. The real part is
shown on the left-hand side, and the imaginary part on the right-hand side. The
dot-dash lines represent the contour of undisturbed values for real H com-
ponent, and of zero values for the others. As will be expected from the
distribution of induced currents, the magnetic effects are much deformed along
the coasts of India and Sri Lanka and around the Palk Strait, resulting in
abnormal geomagnetic variations at Trivandrum and Annamalainagar. As for
the Z component, the calculated and observed Z/H ratios for SSC’s are shown
in Table 1. From this table it can be seen that at Annamalainagar the assump-
tion of D0= 10 m is good, but at Trivandrum and Kodaikanal the result of DO
= 100 m is better. It might result from the scale of current concentration. That
is, at Annamalainagar the currents which contribute to Z flow mainly in the
Palk Strait, but at Trivandrum and Kodaikanal they flow beyond the tip of the
Indian Peninsula, and scale of the former is smaller than that of the latter. If we
consider that some distance is necessary for the induced currents to spread and
sink into the land, this is natural. Of course especially at Trivandrum the
agreement between the observed and calculated values is not so good even in
the case of D0=100 m. This might be due to the step-like conductivity con-
figuration that we used in the present calculation, or due to the boundary
condition we used. For example, a conductivity configuration of larger scale
such as inferred by Rikitake (1967) might have to be considered for the
determination of boundary condition. For the D component, the calculated and
observed D/H ratios for SSC’s are shown in Table 2. Observed D/H ratios are
generally smaller than the calculated ones. This may be attributed to the
inducing field. For example, if the inducing field is not parallel to the geomag-
netic axis but tilted by about six degrees, it has D component one tenth as large
as H component, and so the calculated result for D0=10 m agrees better with
the observed one. In fact, Nityananda et al. (1977) show that D/H ratio of SSC’s
in the nighttime is negative at Alibag and Hyderabad, too.

Furthermore, as a result of self induction term, the imaginary part is not
small and so it cannot be neglected, especially for the inducing field of short
period. For the H component the imaginary part is relatively small, but for the
D and Z components it is rather large, because the “normal” field has large H
component but no D component and small Z component. Therefore, a large
phase lag is expected in the D and Z components. This tendendy is emphasized
when the resistivity gradient is comparatively small, because in this case the
third term on the right-hand side of Eq. (4) is more effective compared with the
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Table 1. Observed-and calculated values of Z/H in the case of T2] min. Observed values of Z/H
are obtained by Singh et al. (1977)

Stations Annamalainagar Kodaikanal Trivandrum

Observed values (SSC’s at night) 043, 0.44 1.26

Calculated values (T=1 min)
D0 =10 m 0.43 0.57 4.73
D0 = 100 m 0.05 0.48 1.72

Table 2. Observed and calculated values of D/H in the case of T= 1 min. Observed values of D/H are
obtained by Nityananda et al. (1977)

Stations Annamalainagar Kodaikanal Trivandrum

Observed values (SSC’s at night) — 0.30 — 0.18 0.11

Calculated values (T=1 min)
D0 =10 m — 0.21 — 0.04 0.25
D0=100 m —0.07 —0.02 0.11

first and second terms. So, the phase lag is larger in the case of D0 = 100 m than
D0 =10 m. If these phase lags really exist, they could be observed in geomagnetic
pulsations more easily than in SSC’s or bays, and so the observation of this kind
might help to reveal the spreading rate of the induced current. Anyway, more
dense network observations in this region (along India-Sri Lanka line including
the Palk Strait) would be important to make clear the conductivity con-
figuration there.
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the Chapman-Ferraro Image Method
O.M. Burkard1 and H. Rucker2
1 Institut für Meteorologie und Geophysik, Universität Graz, Austria
2 Institut für Weltraumforschung, Osterr. Akademie der Wissenschaften, Austria

Key words: Chapman-Ferraro image method — Correction of current system
graph — Correction of P—field structure graph.

The basic investigations concerning the interaction between the solar wind parti-
cles and the geomagnetic field were done by Chapman and Ferraro (1931).
Unfortunately they published some wrong graphs on the current system and
on the resulting magnetic field line structure, which are reproduced subsequently
by several authors in the literature.

The concept of the Chapman-Ferraro image method initially was invented
by Maxwell (1881, 1954), who analysed the physical processes arising in the
case of a relative motion between a magnetic pole and a conductive sheet.
The sudden introduction of a magnetic system (e.g.‚ the earth’s dipole field)
and the relative motion between it and a conductive sheet (e.g.‚ the foremost
front of the approaching solar wind particles) will generate currents within
the sheet. As Chapman and Ferraro (l.c.) pointed out, the electric field lines are
the lines of intersection of the sheet with the equipotential surfaces of the magnetic
field. In spite of their correct equations the graph of the Chapman-Ferraro-
currents within the sheet is wrong (Fig. 1a), which is reproduced by Chapman
and Bartels (1940), Chamberlain (1958), Chapman (1964) and certainly in other
papers, too.

The exact definition on the electric field lines (as mentioned above) leads
to our calculated Fig. 1b and differs from the wrong current line picture known
in the literature in the way that the big semiaxis of the oval field lines is
parallel to the y — axis and not parallel to the x — axis. The electric field
has a positive maximum value at the point (O, O, 0), two points with E=0
and two further points beyond those with F=0 with the coordinates (i Z/M
0, 0) with a negative maximum value (2 means the dipole’s distance to the
sheet).

0340-062X/79/OO45/0219/$01.00
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Fig. l. The wrong and corrected graphs of the electric field line pattern

Fig. 2. The wrong and corrected graphs of the magnetic field line pattern
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The current system excited in the sheet produces a magnetic effect, which
can be represented by two image dipoles in both the half-spaces before and
behind the sheet. The superposition of the earth’s dipole field and the sheet’s
magnetic field led to the first impression of the internal magnetospheric E-field
structure. But again the magnetic field line structure in the paper of Chapman
and Ferraro (l.c.) (Fig. 2a) is not correct. The field lines of the total magnetic
field penetrate perpendicularly the current sheet at the points E=0 with the
coordinates (iz/1/2, 0, 0). In Fig. 2b one can see the correct relation between
the dipole’s distance 2 (standardized to unity) and the position of the point
Q. In the case of total magnetic shielding one special magnetic field line ends
perpendicularly at the sheet at the point Q, which is a point of zero-E and
zero-E.

Of course the magnetospheric boundary physics is explained in many new
investigations, but some of them are applied to the Chapman-Ferraro—image
method and this fact required a correction of the corresponding graphs.
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and Coherence
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1. Introduction

In the analysis of plane waves — for example in optics or magnetic studies — it is
of primary interest to determine the polarisation parameters of the signal from
its measured components. Several methods have been presented to deal with this
problem in both two- and three-dimensions (Fowler et al., 1967; McPherron et
al., 1972; Means, 1972; Samson, 1973; Kodera et al., 1977) but in this letter the
remarks are restricted to the two-dimensional case — they are equally valid
however in three-dimensions. It should be noted that many workers have
applied the techniques of these authors to analyse their own data (for example
Paulson, 1968; Rankin and Reddy, 1972; Arthur et al., 1976; Jones, 1977;
Kodera et al., 1977; Samson, 1977) and have shown the superiority of these
forms of frequency domain analyses to the time domain hodogram.

However, it has occurred to the author that there is not a widespread
appreciation of the (somewhat) subtle difference between the definitions of
polarisation and coherence. It is the purpose of this letter to show that the
distinction between polarised and unpolarised parts is not necessarily consistent
with that between coherent and incoherent parts.

2. Basic Theory

The basic theory of polarisation analysis is well treated by Born and Wolf (1964)
and is repeated in Fowler et al. (1967). For consistency this paper will follow the
notation of Fowler et al. (1967) as far as possible. Any wave field can be
characterised by examining the coherence (or cross-spectral) matrix of that field
given by

0340-062X/79/OO45/0223/$01.40
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)
n(w)]

_ Jxx((!)W)— [J,.x(w> Mao) (1)

where Jab(a)) =% <A* (co) B(a))>

and the x and y subscripts refer to orthogonal components of the signal. From
this matrix, the following parameters can be determined

det [J]: determinant of J
Tr [J] =trace (or intensity) of J
tan ‚ß =ratio of minor to major axis of the polarisation ellipse,

,8 >0 implies right—handed polarisation
ß =0 implies linear polarisation
‚ß <0 implies left-handed polarisation

0 =direction of the major axis of the ellipse (clockwise round from the
x-axis)

32,20, =coherence between the two components
R =ratio of polarised power to total power.

All real signals consist (or can be resolved to consist) of three parts, a completely
polarised signal, a completely unpolarised signal and a random noise contri-
bution. These three will be considered separately.

(a) Completely Polarised Signal

For a strictly monochromatic signal, with cross-spectral matrix [P], it can easily
be shown that (Born and Wolf, 1964)

det [P] = 0 (2a)

Tr [P] = Pxx + Pyy (2b)

. 2 Im (P )
2 =———xys1n ß

Pxx +1)“
(20)

2Re (P ,)
tan 20 =————i— (2d)

Pxx
_

Pyy
y?” = 1 (2 e)
R z 1 (20

([7) Completely Unpolarised Signal

Similarly, for a completely unpolarised signal with cross-spectral matrix [U]
(Born and Wolf, 1964)
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n~ 2 n = 0 ’ (3 a)
Uxx = U” (=D in notation of Fowler et al., 1967) (3b)

vä‘ =0 (3d
det [U] =D2 (3d)
Tr [U] = 2D (3 e)
R = 0. (3 t)

(0) Random Noise Signal

For two random noise series, x and y, with cross-spectral matrix [N],

n = Nyx = 0 (Jones, 1977) (4 a)

76y =0 (4b)
det [J] =7Nxx NW (4 c)
Tr [J] = Nxx + NW (4d)

There is no requirement for Nxx=Nyy and most data contain unequal noise
contributions on each channel. Thus Nxx=I=Nyy and Born and Wolf (1964) show
that the noise exhibits a degree of polarisation (R,) given by

R
_Nxx —Nyy— . 4r

Nxx+Nyy

( e)

It should be noted that the polarised part of the noise represents a linear
polarisation, which is along the x-axis for R‚>O or along the y-axis for R‚<O.

3. Signal Analysis

Any quasi—monochromatic wave may be regarded as the sum of a completely
polarised wave [P] and a completely unpolarised wave [U], which are in-
dependent of each other, and this representation is unique

J=P+U. (3
Also if several independent waves are propagated in the same direction, they
superpose and the total polarisation matrix [B] is given by the summation of
the individual matrices [Pl], [Pz], etc.

P‚=PI+P2+... (6)

and similarly for [Ut].
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(a) Uncontaminated Signal

If the data are uncontaminated by noise, then they consist of only two parts, a
completely polarised signal [P] and a completely unpolarised signal [U] such
than

1w 0] 7— Pyx PW 0 D U
and D =§Tr [J] —%(Tr2 [J] —4 det [J])1/2
i.e., the characteristic root (or eigenvalue) of the coherence matrix. The polari-
sation parameters R, 9, ß are given by

_ 4det [J] 1/2R —(
— Trz [1]) (8a)

tar29=2R——e_—J—(;) (8b)
. __ 2Im(n)8‘“ 2;; “ to... —J„‚)2 + 4J... um ' (8°)

These three polarisation parameters — R, 0 and ‚ß — it should be noted, are rotational
invariants (see below).

(b) Signal Contaminated by Noise

When there are noise components in the data, Nxx and N”, then the data are
represented by a separation into completely polarised signal [P], completely
unpolarised signal [U] and noise [N] such that

J _
[PM n]

+
[D 0]

+
[Nxx

O

] (9)Pyx Pyy O D 0 Nyy
'

For the unique decomposition of this form however a full a priori knowledge of the
noise terms (matrix [N]) is required.

From Sect. 2a—c it is obvious that the coherent part of the data is given by [P]
whilst the incoherent part is given by [U] + [N], i.e.,

coherent art — [PM PM] 10p ‘ Pyx Py. ‘ 8”
D+Nxx 0

10 D+Nyy (10b)incoherent part = [

But from the discussion in 2c it is apparent that, unless the noise contributions on
the orthogonal components are equal (Nxx = N”), the noise matrix is separable into
a polarised part [Np] and an unpolarised part [Nu]. Thus
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N=M+M- (um
2Rnwx l—R,_
1+Rr 0'F1+R/flx 0

0 0 0 _N (um
yy

(assuming Rr > 0, i.e.‚ Nxx > Nyy)
and the total polarised matrix [R] is given by

R = P + Np (12 a)

(i.e., total polarised part)

P+2R N P
_ ” “fir” xy

(um
Pyx HIV

9

whilst the total unpolarised matrix [U,] is

m=U+M . (BM
(i.e., total unpolarised part)

- 1 — R,
D N 0

— +Hfi’m Db_ 0 D+MW' ( )
From Eqs. (10), (12), and (13) it is seen that the coherent part equals the polarised
part, if and only if, R, =0 (i.e., Nxx =Nyy, the noise contributions on both
components are of equal magnitude).

Hence 6, derived from Eq. (8 b) will be biassed towards the x-axis for R, > 0, and
towards the y-axis for R, <0. Similarly R, from equation 8a, will be always
overestimated for R‚#0 (since the geometric mean of any two positive numbers
cannot exceed their arithmetic mean) whilst tan ß — the ellipticity — will be
overestimated for Pxx>P with R, <0 and for Pxx <Pyy with R, > O, and underesti-yy
mated for c >Pyy with Rr>0 and for Pxx <Pyy with R, <0.

4. Rotation and Coherence

Rotation of matrix J by angle ()5 results in J’ from

J’ = CJ C’ (14)

where C is the clockwise Cartesian rotation matrix given by

C=[
coscfi

sincp]—sin qö cos 4)
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and C‘ is the transpose of C. The polarisation parameters in the new co-ordinate
system (R’, 9’, ß’) are related to the original parameters by

R’=R
6’ =0—qb

and
ß’ =ß‚

hence are rotational invariants.
However, the coherence function, 737;,» between the two components, defined as

2
2 _ lyI

yet—J— J
xx J’y

(15)

is a function of rotation. From Eq. (8a) for R, and the definition of yfy [Eq. (15)], it
can easily be shown that the two are inter-related by

4J J
1 __R2 = xx Y)’ 1 __ 2

‘(J,,+J,y)2( V“) (16)

and hence

R2 ä v3). (17)
The equality holds when 4Jxx Jyy =(Jxx +Jyy)2, which can only be true for Jxx =J

Y)”
Expanding Eq. (14) and equating the terms for n and Jy’y gives the angle

required for maximising 323,, as

J ‚—J„
tan2¢m=3fl—+—J"i. (18)

XJ' yx

At angle (pm, the following are true

R2 = V2

9’ =7t/4.

Such a rotation does not affect the separation of the coherence matrix into
polarised and unpolarised parts (as indicated by the rotational invariance of the
polarisation parameters) but does affect the separation into coherent and incohe-
rent parts, by maximising the former with respect to the latter (as indicated by 353,.
maximum).

Finally, the author would like to add that strong caution is advised when
interpreting the estimated value of coherence due to the inherent bias associated
with the estimation itself (see Jones, 1977).
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Addendum

J. Geophys. 44, 545—555, 1978:

Palaeosecular Variation Studies of the Brunhes Epoch
in the Volcanic Province of the East-Eifel, Germany

H. Kohnen and H. Westkämper
Institute of Geophysics, University Münster, Gievenbecker Weg 61, 4400 Münster, Federal Republic
of Germany

In Figure 2, page 547, are two 14C—ages (Schmincke, personal communication).
For a correct interpretation, the following comments have to be given:

1. Eiterkopf II

Three 14C-age determinations (M.A. Gey, 1977, personal communication) have
been carried out on charcoal samples from three tuff beds between overlying
loess and underlying scoria cones yielding concordant ages of 11,000 to 14,000
y. B.P., much younger than the overlying Würm loess. Therefore, the underlying
lavas can be much older.

2. Plaidter Hummerich

A minimum 14C-age of 44,000 years (upper limit of the method) was obtained
(M.A. Gey, 1977, personal communication) from charcoal samples of tuffs
underlying the Plaidter Hummerich lavas. This volcano and the underlying
Kollert volcano can therefore be appreciably older than 44,000 y. B.P.

H. Kohnen, Münster
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Book Review

Max Wyss (ed.): Earthquake Prediction and Rock Mechanics, Contributions to Current Research
in Geophysics. Vol. 1. Basel — Stuttgart: Birkhäuser 1975. 330 Seiten. Gebunden DM 78,——. ISBN
3-7643-0809-5

Die Reihe “Contributions to Current Research in Geophysics” bringt Originalarbeiten aus
einem jeweils eng umrissenen Teilgebiet der Geophysik in Buchform heraus. Der erste Band befaßt
sich mit dem Themenkomplex Erdbebenvorhersage und Gesteinsmechanik. Der Herausgeber, Profes-
sor Max Wyss (Univ. of Colorado/USA), der selbst internationales Ansehen auf dem Gebiet der
Erdbebenvorhersage genießt, hat in diesem Band 28 Originalpublikationen zusammengestellt, die
sich mit folgenden Themen befassen:

— Feldmessungen vor einem Erdbeben
— Labormessungen von Materialeigenschaften
— Modellvorstellungen zur Erklärung von Erdbeben-Vorwarneffekten.
Die Verfasser arbeiten vorwiegend an Instituten in den USA, es sind aber auch einige Beiträge

aus der UdSSR, aus Japan und Westdeutschland enthalten.
Der Band enthält — wie es leider bei solchen Sammlungen von Originalveröffentlichungen

üblich ist — keine verbindenden Texte zwischen den einzelnen Arbeiten oder zwischen größeren
Themengruppen. Besonders stört es aber, daß auch kein einführendes Vorwort existiert.

In der obigen Reihe ist inzwischen als Nr. 6 ein weiterer Band zu ähnlichen Fragen unter
dem Titel “Rock Friction and Earthquake Prediction” erschienen. R. Vees, Clausthal-Zellerfeld
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Sixth Annual Meeting of
the European Geophysical Society
Vienna, Austria, September 11—14, 1979

Call for Papers
Deadline for Abstracts

June 1, 1979

The European Geophysical Society (EGS) will hold its Sixth
Annual Meeting at the Technical University of Vienna (TU
Wien) September 11—14, 1979. The meeting will be devoted
to all areas embraced by the EGS:

— Solid Earth
— Hydrosphere
— Atmosphere
- Magnetosphere
— Interplanetary Space, Moon, and Planets

The meeting will have an open character, thus providing
an interdisciplinary forum in Europe for all scientists
working in the above fields. It will be devoted to the
special symposia as well as to sessions on the basis of
the abstracts submitted. In this way the European Geo-
physical Community can define itself and shape its own
meeting. 'The Council of the EGS' especially invites
papers giving latest results, including reports by
students on their thesis work. Poster sessions can also
be arranged.

For further information: Sixth EGS Meeting, c/o Institut
für Meteorologie und Geophysik, Universität Wien, Hohe
Warte 38, A—1190 Wien, Austria. Tel.: (0222) 36 44 53-237.
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Partial Self-Reversal of Natural Remanent Magnetization
of an Historical Lava Flow of Mt. Etna (Sicily) *

F. Hellerl, H. Markertz, and E. Schmidbauer3
1 Institut für Geophysik, ETH Zürich, CH-8093 Zürich, Switzerland
2 Physikalisches Institut, Universität Bayreuth, D-8580 Bayreuth, Federal Republic of Germany
3 Institut für Allgemeine und Angewandte Geophysik, Universität München,
D-8000 München 2, Federal Republic of Germanv

Abstract. Three historical lava flows of Mt. Etna (Sicily) have been sampled.
Various rock magnetic parameters as well as microchemical and Mössbauer
characteristics have been investigated. The natural remanent magnetization
(NRM) of one lava flow shows partial self-reversal upon heat treatment.
As two different magnetic phases have been identified in this flow, it is
suggested that negative magnetostatic interaction causes the observed self-
reversal of NRM.

Key words: Rock magnetism — Continental basalts — NRM — Self-reversal.

1. Introduction

The discovery of reversed polarity of natural remanent magnetization (NRM)
of rocks was one of the early findings in palaeomagnetism. Reversals of the
geomagnetic field or self-reversal mechanisms such as those suggested by Nécl
(1955) may cause the reversed polarities of NRM observed in the course of
many palaeomagnetic investigations. Nowadays field reversals are generally
accepted to be responsible for the vast majority of reversed NRM directions.
Nevertheless some examples of self-reversal of NRM have been reported: for
instance the self-reversing Haruna dacite (Nagata et al., 1952), certain oceanic
basalts studied by Ozima and Ozima (1967) and Sasajima and Nishida (1974)
and more recently a fragment of continental basalt investigated by Schult (1976).
Furthermore it has been shown by several authors (Havard and Lewis, 1965;
Creer et al., 1970; Creer and Petersen, 1969) investigating continental basalts
which contain titanium-rich homogeneous titanomagnetites that an artificial
thermoremanent magnetization (TRM) produced during moderate heat treat-
ment in the laboratory can acquire self-reversal or at least partial self-reversal
characteristics at room temperature.

* Institut für Geophysik, ETH Zürich, Contribution no. 240
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Self-reversals can be classified into three categories according to different
physical mechanisms: (1) A one-constituent model in which the direction of
spontaneous magnetization J, changes sign at a certain temperature. This behavi-
our is found in Néel’s P- or N-type ferrimagnets because of the different tempera-
ture dependence of the antiparallel sublattice magnetizations. (2) A two-consti-
tuent model in which exchange interaction across the boundary of two magnetic
phases plays the essential role. This is thought to be the mechanism in the
self-reversing compositional range of the ilmenite-haematite solid solution series
(Hoffmann, 1975). (3) A two-constituent model in which magnetostatic interac-
tion between two phases leads to complete or partial self-reversal of remanence.
This mechanism has been invoked for the TRM reversal found by Creer et a1.
(1970)

There is also a type of apparent partial self-reversal which was detected
in experiments on oxidized titanomagnetite by Petherbridge et al. (1974) and
Rahman and Parry (1975). This type has been interpreted theoretically by Ste-
phenson (1975) in terms of screening of the magnetization of a high Curie
point phase by a surrounding host material with lower Curie temperature.

This paper deals with observations on partial self-reversal of natural re-
manent magnetization found in recent lavas of Mt. Etna. Continuous thermal
demagnetization of NRM, field dependence of TRM and IRM, JS(T) behaviour,
microprobe analysis and Mossbauer studies together with routine palaeomag-
netic investigations have been carried out in order to investigate the reversal
mechanism of these basalts.

2. Sampling Sites, Ore Microscopic Observations
and Fundamental Rockmagnetic Data

Three historical lava flows of Mt. Etna originating from the eruptions in 1329,
1669, and 1971 have been sampled. The lava flow of 1329 was drilled near
Stazzo (geogr. coord.: Lat. 37°35’ N, Long. 15°11’ E) where the flow now dips
into the Mediterranean sea. Samples were taken along a vertical profile of
2 m depth from the top surface of the flow. The samples of the 1669 eruption
were drilled in a quarry about 1 km to the west of Nicolosi (geogr. coord.:
Lat. 37°36’ N, Long. 15°00’ E). This quarry is situated closely to the former
eruption point of the flow. Two profiles A and B on either side of the quarry
were drilled, profileA reaching a depth of about 3 m from the top of the
lava surface. The specimens of the 1971 lava were obtained from two roughly
oriented hand samples taken along the road about 1 km to the north of Fornazzo
(geogr. coord.: Lat. 37°44’ N, Long. 15°05’ E).

Microscopic observation reveals a fairly uniform magnetic ore mineralogy
throughout the three lavas. The only highly reflecting mineral to be found
is titanomagnetite of various grain sizes. The titanomagnetites of the 1329 and
1971 lavas are optically homogeneous (oxidation class I according to Ade-Hall
et al., 1968) showing only in very rare cases oxidation features along cracks
in the larger grains; a few grains appear to be strongly oxidized and may
be titanohaematite. The visible grain size distribution is different in both lavas.
The 1971 lava contains two fractions: a very high percentage of the grains
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consist of euhedral to subeuhedral, sharply edged small grains whose size reaches
up to 5 mm. A smaller fraction of larger grains usually covers a size distribution
between 250 um and 500 pm. They are rounded or even corroded. The smaller
grains of the 1329 lava have a size frequency maximum around 20 um and
very small grains below 5 um diameter are very seldom. In the 1669 lava homo-
geneous titanomagnetites also prevail, but about 5 percent of the ore grains
have a bluish-grey tint which is seen in high magnification observation to be
caused by granulation of the surface. This indicates partial oxidation to titano-
maghemite and perhaps further to Ti-poor magnetite (see Sect. 4.2). The grain
size distribution has a frequency maximum between 20 um and 50 um. Larger
grains are also observed with size and appearance like in the other two flows.

Some fundamental rock magnetic data of the 1329 and 1669 lavas. such
as initial susceptibility and the direction and intensity of NRM before and
after AF-cleaning, are given in Fig. I and Table 1. The variation of these parame—
ters with depth along the drilled sections has been plotted in Fig. l together

. 0.001 _ _ __ _F . 0.01 NRM(Gs1),K1
1

i

i
10 ' I 100 MDF(0e),0n'

l ' _ I .l ./' 0 I 1 ‘‚
\‘ . :0 1:3 Q

1 1 \ \o 1 H ‚.j:
El '--../. 1:. .-'j_"_},_.. . ‘
E ‚<.

.

E.
\(1!o .
./
\l,

é I—2 \|. c1 "ix;
E . \ \
a / 1 l/ 1 |

„5, On | NiiM g MDF
Fig.1. Semilogarithmic plot of NRM before cleaning, initial susceptibility a. median destructive
field MDF and Koenigsberger ratio (2,, as a function of distance from the top surface of the
lavas 1329 and 1669
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Table 1. NRM mean directions and intensities before (D0, Io, NRMO) and after optimum AF
cleaning (Dom, low) with intensity standard deviation (0) and 95% circle of confidence (0:95) of
the lava flows 1329 and 1669. n=number of samples, K=mean initial susceptibility, Q„ =Koenigsber-
ger factor mean

Lava n NRMo 0(0/0) D0 I0 a95 Dopt Iopt 0695 K(emu) a(%) Q”
flow (Gs)

1329 15 1.66E—02 i28 106.3 76.5 9.5 2.2 64.5 2.5 2.59E-03 i14 15.2
1669 16 7.48E-03 i42 12.9 29.9 25.0 359.4 57.7 4.2 2.68E-03 il7 6.6

with the variation of the Koenigsberger ratio Q„ and the median destructive
field MDF which denotes the AF peak amplitude necessary to reduce the NRM
intensity to 50% of its initial value.

In contrast to the findings of Tanguy (1970) the distribution of NRM direc-
tions before AF cleaning is appreciably scattered (Fig. 2). This is especially
true for the lava flow 1669 which according to Tanguy should display extremely
low NRM scatter. The different NRM scatter results possibly from a difference
in the technique of sample extraction. Tanguy took oriented hand samples
without any drilling and cutting. He measured his rock fragments using Thellier’s
(1967) big sample spinner magnetometer. Our samples always were drilled and
cut into cylindrical specimen shape. Although we have used different equipment
(electrical and gasoline powered machines) for that purpose, nearly all specimens
possess secondary magnetization components. Magnetic stray fields eventually
originating from electrical apparatus have been measured. They are smaller
than the Earth’s magnetic field and probably do not produce the observed
secondary magnetization. Perhaps mechanical forces applied during the drilling
and cutting procedure may change the magnetostrictive strain energy of the
samples in the presence of the geomagnetic field. Thus a soft secondary magne-
tization having an arbitrary direction with respect to the present Earth’s field
may have been acquired.

The secondary magnetization components can be erased by AF-cleaning
(optimum fields vary between 120 Oe and 240 Oe) so that well grouped NRM
mean directions are obtained in the lava flows (Table 1). Nevertheless the cleaned
NRM directions of the lava 1669 still show a systematic scatter (cf. Fig.2).
Samples taken from profile A differ significantly in inclination from samples
taken from profile B at the other side of the quarry. Mechanically unstable
tuffs and ashes underly the flow and may be responsible for later attitude
changes and post-magnetization displacement of certain parts of the outcrop.
Our mean directions of 1329 and 1669 (Table 1) differ slightly from Tanguy’s
(1970) values. They fit only marginally to the secular variation curves for Sicily
published so far (Chevallier, 1925; Tanguy, 1970) which however are based
on uncleaned NRM results.

The within site scatter of NRM intensity, initial susceptibility K, Koenigsber-
ger ratio and MDF values, as demonstrated in Tablel and Fig. 1, is small
for the lava originating from 1329. On the other hand these parameters clearly
show a strong dependence on the position within the section in the 1669 basalt
flow. Here the two uppermost samples have high initial NRM intensity (com-
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O

Kk/
)0

\

Fig. 2. Equal area projection of NRM directions before (left side) and after optimum AF cleaning
(right side). Triangles indicate projection on upper hemisphere, circles and dots indicate projection
on lower hemisphere. Open symbols refer to NRM directions of lava 1669, dots represent NRM
directions of lava 1329. Circles plotted on the enlarged section and denoted with A or B refer
to samples collected from the flow 1669 along profile A or B respectively

pared to the rest of the section), high MDF values (up to 400 Oe) and slightly
reduced susceptibility. This is probably due to oxidation occurring in the upper—
most, very porous part of the lava. The main difference between the two sections
1329 and 1669 is given by the lower NRM intensity of the 1669 lava. As
susceptibility and visible ore grain size distribution in both profiles are very
similar, the NRM difference seems to be quite remarkable and may be caused
by partial self-reversal of NRM found in the 1669 basalt (see Sect. 3.1).

3. Thermomagnetic Measurements

3.]. Continuous Thermal Demagnetr’zntr’on of NRM

Heiniger and Heller (1976) developed a magnetometer system which allows
spinner magnetometer measurements to be performed throughout a wide temper-
ature range between —200°C and 700° C. The NRM vector can be measured
continuously in zero field as a function of temperature down to intensities
of about 19110—6 Gs. The continuous thermal demagnetization of Mt. Etna
basalts yielded the following results.

At first the original uncleaned NRM of some representative samples taken
from the three lavas was investigated (Fig. 3). The resulting vector plots indicate
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the presence of rather strong unstable secondary NRM components which are
removed between 200° C and 300° C, whereas stable components remain up to
temperatures around 500° C. The stable components are aligned parallel to
the expected direction of the historical geomagnetic field. They possess northerly
declinations and relatively steep inclinations (cf. Fig. 3). The unstable com-
ponents are up to four times as strong as the stable components residing in
phases with high Curie points.

The curves which represent the change of NRM intensity with increasing
temperature [(J(T)—curves], generally show a regular intensity decay. This applies
especially to samples originating from the 1329 and 1971 lavas. A conspicuous
qualitative difference is observed in the J(T) curves of the 1669 lava, namely
the development of a level of constant intensity and even a very slight intensity
increase between temperatures of 140°C and 180° C. Secondly the uppermost
blocking temperatures of the 1669 samples are distinctly higher (around 550° C)
than those of the other two flows (ca. 500° C).

As the secondary NRM components present in our samples obscure the
behaviour of the stable components during thermal demagnetization below 200° C
to 300° C, some samples from all three basalts were subjected to partial AF
demagnetization. The maximum field amplitude (between 60 Oe and 90 0e) was
chosen so that the secondary components just had been removed. After this
cleaning procedure the samples were continuously demagnetized by heating
in air. Fig. 4 demonstrates the resulting demagnetization plots.

Since any directional changes during heating are absent in all three vector
plots, we conclude that secondary components have been successfully removed
by the preceding AF cleaning. The NRM intensity curves of 1329 and 1971
samples decrease monotonously with increasing temperature and remanent mag-
netism with normal polarity, i.e., parallel to the present earth’s field disappears
at maximum blocking temperatures around 500° C. Up to 200° C the intensity
of the 1329 sample is much more rapidly reduced than that of the 1971 sample.
The NRM intensity of the 1669 sample shows up to 200° C very unusual behavi-
our: at first up to about 140° C there is only very little change in intensity,
then up to 180° C a sharp intensity increase by ca. 11% which is followed
by a continuous intensity loss with increasing temperature. From the correspond-
ing vector plot it can be seen that the intensity increase is caused apparently
by a magnetization component which is antiparallel or reversed with respect
to the normal magnetization direction at temperatures above 180° C. The highest
blocking temperatures are reached at around 550° C.

The 1669 sample appears to be partially self-reversed with a dominant high
Curie point magnetization of normal polarity. This partial self-reversal is an
intrinsic property of all 1669 samples and can be reestablished by thermal cycling
of NRM above and below 200° C in zero field. Prior to the process of thermal
cycling, another 1669 sample was cleaned by AC fields to remove secondary
NRM components. As can be seen from Fig. 5, the first cooling and reheating
cycle in zero field develops a stronger reversed component than the original
NRM showed at first. When the original NRM had been acquired, the geomag-
netic field was present during the whole cooling process thus acting against
the reversal mechanism below 200° C. Also, as we will see later, some chemical
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J[x10'3Gauss]

ß
166984A

5 L /JV 1‘/
'\

X

2 _
/‘-\/‚.

/\1 - *1.

f. x
“ T [°C]

J l J l l

100 200 300 400 500

Fig. 5. Repeated heating and cooling cycles (thermal cycling) of AF cleaned NRM of a 1669 sample
which shows partial self-reversal. During each cycle the maximum temperature has been progressively
increased

changes may take place during re-heating. They may affect especially any titano-
maghemite phases present. Extrapolating the intensity of the higher Curie point
component down to room temperature in the second cooling cycle it can be
estimated that the intensity of the apparently reversed component comes roughly
to one third of the normal component at room temperature. Repeated cycling
with progressively increased maximum temperature lowers the absolute inten-
sities of both magnetization components thus suggesting that the reversed com-
ponent is closely connected to the intensity (and hence the field) of the normal
component. An apparent decrease of the lower Curie point by as much as
80° C is also observed. The onset of the reversal gets much more distinct in
the second and later cycles where the temperature had been raised above 400° C.
Assuming no alteration of the high Curie temperature phase during thermal
cycling, it is evident from Fig. 5 that about three quarters of the stable normal
NRM are blocked in the temperature interval ranging from 450° C to 550° C.

3.2. Saturation Magnetization

In order to determine type and compositional range of the magnetic phases
present in the three lavas, saturation magnetization has been measured as a
function of temperature. An automatically recording translation balance has
been used. The results obtained by measuring pulverized samples in air (size
fraction: 1 mm g) with an applied field H= 1.7 kOe have been plotted in Fig. 6.

The magnetization of the 1971 lava is nearly reversible upon heating and
cooling and a distinct Curie point is indicated around TC =240° C. A component
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1329 82A
166981.0 L 1971 B“:

H = 1.7 koe
H = 1.7 kOe

MAGNETIZATION

(rel.

units)

MAGNETIZATION

(rel.

units)

T(°Cl T(°C) T(°Cl

Fig. 6. JS(T) curves of three basalt samples of Mt. Etna. Applied field H=1.7 kOe. Grain size
fraction: ca. 1 mm

of minor importance with a higher Curie temperature is faintly seen during
heating. It is more strongly pronounced during the cooling cycle. The slightly
higher intensity of magnetization upon cooling is probably due to oxidation
and production of a Ti-poor magnetite phase with a Curie temperature around
Tc=500° C during heat treatment. The JS(T) curve seems to contradict the
monotonic decay of NRM during continuous thermal demagnetization up to
T: 500° C (Fig. 4). The different behaviour is possibly due to different heating
times, since the oxidation process is time dependent.

The Js( T) curve of the 1329 lava is reversible during heat treatment. Two
distinct Curie points can be recognized: the higher one at TC=530° C and
the lower around Tc=220° C. This is in agreement with the decay of NRM
during thermal treatment where the major portion of NRM is lost below 200° C
(Fig. 4).

The 1669 lava shows a distinct Curie temperature just above 500° C. Upon
heating the JS(T) curve seems to indicate a broad range of lower Curie tempera-
tures between 200° C and 300° C. JS(T) is not reversible upon cooling — probably
due to oxidation of the Ti-richer phases (Ti-maghemite ?) —‚ but the lower Curie
temperature range gets more restricted and a second Curie point may be defined
around 225° C.

3.3 Low Temperature Susceptibility

According to Syono (1965) the zero-transition temperature (TK:0) of the mag-
neto-crystalline anisotropy constant K1 of stoichiometric titanomagnetites of
general composition xFeZTiO4-(l —x)Fe3O4 depends strongly on the titanium
concentration x. This is illustrated in Fig. 7 which also shows the relationship
between Curie temperature Tc and ulvospinel content for a wide range of titano-
magnetites.

At the temperature TK=0 the magneto-crystalline anisotropy energy of a
multidomain titanomagnetite grain of given Ti- concentration x becomes mini-
mum. The domain wall energy of the grain becomes minimum, too. Thus the
domain wall mobility passes through a maximum at TK: 0 leading to a suscepti-
bility maximum at that temperature.
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If for instance the Ti-content equals x=0.5, it follows from Fig. 7 that
the Curie temperature amounts to about 225° C, while the anisotropy constant
K1 changes sign at about —83° C. At this temperature the susceptibility passes
through a maximum. Therefore throughout a wide compositional range the
low temperature dependence of susceptibility can be used to estimate the Ti-
content of titanomagnetites. These measurements avoid the danger of oxidation
of the material which is always involved in the usual Curie point determination.
Figure 7 also shows some practical limitations of the method: (1.) Unambiguous
estimates of x can only be obtained for x>0.4 since TK=0 passes through
a minimum at x=0.22. (2.) Temperatures below —196° C (liquid nitrogen)
can be gained only with special low temperature devices. Thus TK=0 of titano—
magnetites with composition 0.12§x§0.32 usually cannot be detected.

The X(T) measurements below room temperature have been carried out
using the Fraunberger resonance bridge described by Markert et al. (1974).
At the same time the high frequency losses oc(T) which show the same temperature
dependence as X(T) have been measured. The results for the three lavas are
shown in Fig. 8. The overall increase of X(T) and oc(T) is mainly caused by
instrumental drift. The sharpness of the susceptibility and high frequency loss
maxima which are superposed in all curves, is conspicuously different for the
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three samples. Only the 1669 sample shows very clear peaks at T: —45° C
which may correspond to a very well defined titanomagnetite phase having
a Ti-content x=0.55. The samples 1329 and 1971 behave as if the titanium
concentrations of their Ti-rich magnetite phases are smeared out to some extent.
Nevertheless some fairly pronounced peaks can be recognized at T= —70° C
corresponding to a composition x=0.51 (sample 1329 B6B) and T= -—50° C
corresponding to x=0.54 (sample 1971 A2C). The X(T) curves of the lavas
originating from 1329 and 1669 have a second, less well developed maximum
at lower temperatures. These maxima which are not found in the 1971 lava,
indicate the presence of another titanomagnetite phase. The second peak is
clearly seen in the 1669 lava around T: — 120° C and corresponds to a titano-
magnetite with x=0.43. The 1329 basalt has a very vaguely indicated second
maximum at about T: — 165° C which may reflect a phase either with x=0.36
or with x=0.07.

3.4. Significance of Thermomagnetic Measurements

Out of the three lava flows from Mt. Etna the 1669 lava clearly shows partial
self-reversal. The reversed component of NRM is increased by thermal cycling
at moderately elevated temperature so that the reversed component makes up
to nearly 50% of the normal component. Similar results have been obtained
by Creer and Petersen (1969) on laboratory produced TRM of a Rauher Kulm
basalt sample. In contrast to the findings of these authors, however, the reversed
component of the historical Etna basalt disappears by heating above 200° C
and the normal component is held by a phase with a high Curie point around
550° C.

Table 2 summarizes the results of low temperature behaviour of susceptibility
and JS(T) curves including the composition parameter x of stoichiometric titano-
magnetites derived by the two methods. Two titanomagnetite phases consistently
indicated by both methods are contained in the 1329 lava: the compositions
are given with x=0.51 and x:0.07. For the 1669 basalt the susceptibility curves
indicate two phases with x=0.55 and x=0.43 which may reflect the smeared
Curie temperature distributions between 200° C and 300° C in the JS(T) curves.
The higher Curie temperature at Tc=510° C is attributed to a titanomagnetite
with x=0.12. This phase could not be proved in the x(T) curves, since TK=0
is below — 170° C the lowest temperature which could be achieved during low

Table 2. In the three lavas observed susceptibility maxima (TK: 0) with corresponding Curie tempera-
ture (Tcs) and composition parameter xcs according to Syono (1965) and directly measured Curie
temperatures (Tcm) with corresponding composition parameter xcm

Lava flow TK=0 (° C) Corresp. xcs Tcs (° C) Tc," (° C) Corresp. xcm

1329 ——70‚ —165 0.51, 0.36 or 0.07 215, 530 220, 530 0.51, 0.07
1669 —45, —120 0.55, 0.43 185, 305 200—300, 510 0.4—0.5, 0.12
1971 — 55 0.52 200 240 0.48
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temperature measurements. The composition of the titanomagnetite in the 1971
lava is equally well determined by both methods and gives a mean value of
x=0.50.

When comparing the results ofJS(T) and X(T) measurements it is found that the
x(T) method, although certainly limited for the determination of titanomagnetite
compositions, in many cases may work as an important tool for the rock
magnetist. As demonstrated by the 1669 sample the method may be especially
helpful when dealing with JS(T) curves which indicate Curie temperatures appar-
ently not sharply defined.

The different phases in the 1329 and 1669 lavas must be caused by oxidation
and exsolution before laboratory heating. Prolonged heat treatment during con-
tinuous thermal demagnetization therefore alters only the unoxidized titanomag-
netite of the 1971 lava, and maximum blocking temperatures are reached around
500° C although the original Curie temperature was found around 240° C. The
macroscopically high porosity of this flow also may favour rapid oxidation
during thermal demagnetization. The magnetic phases in the 1329 and 1669
basalts are more stable against heating due to low rock porosity and previous
oxidation, thus allowing thermal cycling without major chemical changes. Only
the 1669 titanomaghemite phase gets oxidized so that the partial self-reversal
becomes more pronounced and shifted to lower temperatures during heat treat-
ment. Petersen and Bleil (1973) have shown that self-reversal in synthetic titano-
magnetite occurs at a critical state of oxidation caused by heating in air. This
oxidation state seems to have been achieved naturally by the 1669 lava.

4. Microchemical and Mössbauer Analysis

4.1. Microprobe Analysis

Three optically homogeneous titanomagnetite grains of variable size from each
lava have been analyzed. Readings were taken along profiles across the polished
surface of the grains and analyzed for Fe, Ti, Al, Mg, and Cr. Some of the
profiles have been plotted in Fig. 9.

Table 3 contains the average weight percentage of cations analyzed in each
grain with the respective standard deviation. Using Gidskehaug’s (1975) program
the composition parameter x has been calculated assuming stoichiometric titano-
magnetite together with the equivalent Curie point Tex. Following Richards
et a1. (1973) the influence of the ‘impurity’ cations A1 and Mg on depressing
the Curie temperature has been taken into account. This Curie point is denoted
with T65. Also the oxidation parameter Z has been evaluated following the
method proposed by the latter authors. For the grains which show two measur-
able Curie points, this has been done by assuming that the chemical analysis
reflects the composition of the lower Curie point phase rather than that of the
high Curie point phase.

A relatively high ‘impurity’ content of Al and Mg is recognized in all
grains. Thus the estimated Curie point Tas of the substituted stoichiometric
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Fig. 9. Microchemical analysis of Fe, Ti, Mg, Al concentration and corresponding x value of the
series x-FezTiO4(1-x)Fe3O4 as a function of distance in grains selected from the three lavas.
All profiles cross the grains from one margin to the other

titanomagnetite Fe3_x_5 (Al, Mg) 5TixO4 is depressed by up to 180° C compared
to Tcx of pure titanomagnetite, since ö averages 0.22 for each of both impurity
elements. The measured Curie temperatures Tcm which range between 200° and
300° C, as well as the Curie temperatures TCS which according to Fig. 7 can
be derived from low temperature susceptibility measurements, always fall in
between the values which have been calculated for substituted and pure Stoichio-
metric titanomagnetite.

The 1971 lava shows the lowest degree of oxidation (z-parameterEOD) which
is indicated by only one measured Curie point and a small difference between
Tas and Tcm. The Ti- content is low and therefore the calculated x value is
at x=0.3 only; A1 and Mg show the highest concentrations of all three lavas.
The 1329 lava is fairly oxidized. We have measured two distinct Curie points
(Fig.6) and the oxidation parameter equals 2204. Most complicated is the
situation for the 1669 basalt. The homogeneity of cation distribution of the
two mayor elements Ti and Fe as indicated by the standard deviation is defl-
nitely less uniform than in the other lavas. The Curie points as measured in the
JS(T) curves seem to be smeared out between 200° C and 300° C. Taking the
Tcs values as representative for the lower Curie point phases one is forced
to conclude that one of these phases is strongly oxidized (z§O.9 for TGS 2 305° C)
and the other phase not (2E0.0 for TCS: 185° C). The high Curie point phase
obviously cannot be resolved by microchemical analysis perhaps due to very
fine grain size or intergrowth with the titanomaghemite phase.

The inhomogeneous cation distribution in the 1669 titanomagnetite grains
is more clearly observed in Fig. 9 and depends on the position in the grains.
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Fig. 10a and b. Mössbauer absorption spectra on Fe57 of magnetic ore grains extracted from
three basalt samples. 3 Temperature: 78 K. b Room temperature

Thus the Ti-content of the 1669 grains increases by about 50% towards the
grain margin, whereas A1 and Mg increase towards the grain centre where
their concentration is about 50% higher than at the margins. For iron the
concentration-distance relationship is not so well developed. Looking at the
grains of the 1329 lava we find the same relations for the cations analyzed,
but not as pronounced as in the former case. The grain which is representative
for the 1971 titanomagnetites, shows the opposite concentration—distance rela-
tions for Ti and A], whereas Mg again is enriched towards the grain centre.
In general we see that the changes in cation concentration are most pronounced
in the 1669 samples.

4.2. Mössbauer Absorption Spectra

Mbssbauer absorption spectra on Fe57 have been taken at room temperature
and —195° C on ore grains extracted from pulverized samples by a bar magnet.
A description of the Mossbauer instrumentation will be given elsewhere.

The Spectra from the three basalts are presented in Fig. 10. Any information
about the ferrimagnetic ore can be deduced merely from the outer parts of
the spectra in the positive and negative velocity ranges, as in the centre of
the spectra the dominant contribution arises from diamagnetic and/or paramag-
netic mineral phases of the rock matrix due to a non complete separation
of the ore minerals.
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At —195° C, a six-line sub-spectrum is visible from Fig. 10a in all three
samples. The inner two lines of each six-line field are contained in the rock
matrix contribution of the centre of the spectra. Line broadening and asymmetric
lines indicate a superposition of two six-line patterns which might be created
by two distinct phases. From the spectra the internal magnetic hyperfine field
Hint at the site of a Fe nucleus can be derived. The spectra are not well enough
resolved to allow a reliable determination of the isomer shift IS and the quadru-
pole splitting QS [by least squares computer fit (Wertheim, 1964)].

Room temperature absorption spectra (Fig. 10b) reveal more clearly the
existence of two overlapping subspectra for the 1669 and 1329 samples, although
the lines appear to be broad. The outermost lines of the respective spectra
consist of two lines in the negative and positive velocity ranges, whereas in
the case of the 1971 sample one broad peak is observed.

JS(T) curves have shown that the ore grains of 1669 and 1329 exhibit at
least two Curie points each, whereas the 1971 sample has one Curie point
and, hence one ferrimagnetic phase. These findings are in accordance with
the Mössbauer data. We assign the patterns with the larger internal magnetic
hyperfine field Him to phases with the higher Curie temperatures. The broad
lines reflect the fact that there is a certain range of Curie points. Our assignment
accounts also correctly for the intensity relations. JS(T) and NRM continuous
thermal demagnetization curves for 1329 samples show the phase with the lower
Curie temperature to be dominant, whereas the phase with the higher Curie
temperature seems to prevail in the 1669 basalt.

A ferrimagnetic titanomagnetite phase with a Curie point TC > 500° C gives,
similar to Fe3O4, at room temperature a Mössbauer absorption spectrum with
the outermost line in the negative velocity range clearly split into two distinct
lines. The latter arise from Fe ions on tetrahedral (A) and octahedral (B) sites.
Thus two values of Him can be deduced, the lower one arising from the mixture
of Fe2+ and Fe3+ on B-sites of the spinel lattice. This situation appears to
exist for the 1669 sample concerning the dominating phase. From the asymmetry
of the outermost lines a second phase with a smaller Hint can be suggested.

The values of Him taken from the spectra of all samples are listed in Table 4.

Table 4. Magnetic hyperfine field Him deduced from the Mössbauer absorption spectra at 20° C
and — 195° C; also Curie temperatures Tm given as derived from Js(T) measurements

Sample T (°C) Hint i 10 (kOe) Remarks

Phase I Tc," (°C) Phase II Tc", (°C)

1971 B4 20 431 240 — — one phase
— 195 489 —

1669 B4C 20 < 450 200—300 454(A)°, 476(B)“l 510 more than one phase;
—l95 < 490 496 dominating phase

with higher Tc

1329 B2A 20 432 220 485 530 more than one phase;
— 195 495 495 dominating phase

with low Tc

a A and B indicate A sites and B sites of the spinel lattice
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5. Discussion

The three Mt. Etna lava flows sampled show very different magnetic properties.
J,(T) curves, Mössbauer spectra and microchemical analysis indicate the presence
of several ferromagnetic phases. The 1971 lava contains a single unoxidized
titanomagnetite phase with a low Curie point around Tc=240° C. This titano-
magnetite is homogeneous according to microprobe data. Nevertheless maxi-
mum blocking temperatures of 500° C have been obtained upon heating of
NRM. This indicates a rapid oxidation and production of remanent magnetiza-
tion above 240° C which directionally is controlled by the magnetization of
the original Ti-magnetite. No partial self-reversal has been found in this flow.

Two distinct Ti-magnetite phases have been detected in the 1329 lava using
JS(T) and Mössbauer techniques. A slightly oxidized intermediate titanomagne-
tite seems to control the magnetic behaviour of the 1329 samples. A higher
Curie point titanomagnetite may be concentrated towards the centre of the
ore grains where the Ti-content shows a vaguely defined minimum (Fig. 9).
Therefore interaction between the two phases which effects the remanence prop-
erties cannot be ruled out. In fact some 1329 samples have been found which
show anomalous thermal demagnetization curves of NRM (cf. Heiniger and
Heller, 1976), but not to the ,same extent as all the 1669 samples.

Most difficult is the identification of the ferromagnetic material present
in the 1669 lava. The asymmetry of the outermost Mössbauer lines suggests
more than one titanomagnetite phase to be present. The JS(T) curves show
a titanomagnetite with Tc=510° C and a smeared range of Curie temperatures
between 200—300° C which may be caused by the two phases with Tc=305° C
and Tc = 185° C indicated by low temperature measurement of x(T). After heating
the strongly oxidized Ti-maghemite with Tc=305° C disappears in the JS(T)
curve. This may be one of the reasons why the apparent partial self-reversal
gets more pronounced after the first heating cycle and the onset of the reversal
is shiftet to lower temperatures (Fig. 5).

The partial self-reversal seems to be bound to some kind of interaction
between the (unoxidized) titanomagnetite with Tc = 185° C and the Ti-poor mag-
netite with Tc=510° C. These two phases occur within one grain — at least
in grain sizes which allow microprobe analysis. In these grains the Ti-poor
material which carries the normal NRM component is concentrated towards
the grain centre (Fig. 9) and surrounded by a Ti-richer phase. We could not
prove, if the geometry of this structure is closed or open. There is some micro—
probe evidence that the Ti-rich outer shell is not fully closed, at least its thickness
varies considerably (cf. Fig. 9).

As mentioned in the introduction, there are several theoretical models to
explain the observed reversal in the 1669 lava. We exclude single phase models
like Néel’s P-type, because firstly J,(T) curves do not indicate this (Fig. 6)
and secondly we have Mössbauer and microchemical evidence for two magnetic
phases. The two-phase models can be divided into three categories: (1) exchange
interaction across phase boundaries, (2) magnetic screening and (3) magnetos—
tatic interaction.

The field and temperature dependence of artificial TRM is one possibility
to test which two-phase model might apply to the 1669 lava. Figure 11 shows
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TRM has been measured after the sample had been reheated to about 250° C in zero field

Fig. 12. Absolute intensities of total TRM at room temperature (TRMmax) and of the reversed
TRM component (TRMm) as a function of the applied field

the resulting assemblage of TRM cooling cycles after the sample had been
heated to 600° C and was allowed to cool down to room temperature in various
dc-fields. The field had been increased step by step after each measuring cycle
up to the maximum temperatures (ca. 250° C) indicated in Fig. 11. Clearly the
reversal effect becomes reduced with increasing dc-field amplitude. Figure 12
indicates the absolute intensities of total TRM after each heating cycle in the
applied field together with the absolute amount of the reversed component
detected during cooling in zero field. The reversed component increases up
to Hdc=20 Oe and decreases with further increments of the external field so
that by extrapolation it would disappear well below 100 Oe.

This field dependency is not to be expected for the exchange interaction
model, since the coupling is due to Weiss-Heisenberg forces which result in
extremely high interaction fields. Uyeda (1958) found by experiment for the
intermediate members of the ilmenite-haematite series interaction fields greater
than 500 Oe.

In the model of magnetic screening the magnetization of a high Curie point
phase encircledmore or less completely by a lower Curie point phase can be shielded
magnetically as soon as the lower Curie point is reached upon cooling. Stephen-
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son (1975) derived that the screening factor depends only on the relative permea-
bilities and the demagnetization factors of the two phases. His theory has been
backed up experimentally by Rahman and Parry (1975) who found for certain
titanomagnetite material a largely field independent screening up to Hex:
135 Oe. Our result is different from their finding and this model does not
apply to the 1669 lava, since our partial self-reversal is suppressed certainly
below 100 Oe external field.

Therefore magnetostatic interaction remains to explain the partial self-rever-
sal of NRM and laboratory produced TRM in the 1669 Mt. Etna lava. Obviously
the negative magnetostatic interaction field reaches a maximum at Hex=20 Oe
and certainly below 100 Oe the external field overwhelms the negative interaction
during TRM acquisition. Negative interaction is also observed during acquisition
of isothermal remanence (Fig. 13). The IRM of the 1669 lava sample shows
a small inflexion at Hex=70 Oe which indicates that this field amplitude is
sufficient to suppress the interaction mechanisms.
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Certain geometric relations are necessary for the model of negative magnetos-
tatic interaction (for details see Uyeda, 1958, p. 50 ff.). These relations must
hold for the majority of ferromagnetic grains in the 1669 lava. We don’t know
yet the cause for this kind of alignment, but it may be connected to the
flow structure or to the asymmetric exsolution of these titanomagnetites indi-
cated by microprobe analysis. Since the 1669 sampling site is very near to
the former eruption point, the lava may have cooled down very slowly and
some alignment of the ore grains due to viscous flow combined with asymmetric
high temperature oxidation may have led to the geometrical conditions necessary
for negative magnetostatic interaction. Thus the high Curie point phase devel-
oped at temperatures above 500° C and was magnetized parallel to the earth
field at the time, whereas the lower Curie point phase(s) at least partly interacted
in a negative way with the high Curie point titanomagnetite.
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Palaeomagnetic Study of the Tertiary Volcanics
of Sardinia

J .-B. Edel
Laboratoire de Paléomagnétisme, Institut de Physique du Globe, F—67000 Strasbourg, France

Abstract. A thorough investigation of the Sardinian Oligo-Miocene calc-
alkaline volcanics has been carried out in Anglona, Logurodo, Bosano and
Sulcis. Standard palaeomagnetic techniques applied to 790 specimens repre-
senting 94 Sites of ignimbrites, andesites, and tuffites show that the magnetic
and palaeomagnetic properties vary with the petrographic nature of the
rocks. Thermomagnetic curves in high field as well as thermal and alternating
field demagnetization reveal the importance of secondary magnetization,
mainly due to regional hydrothermal alteration. Except for the upper ignim-
britic layer the directions of characteristic magnetization considered as
original TRM are scattered around the mean direction D: 332°, 1: 52° with
k=22.
Key words: Sardinia — Palaeomagnetism — Oligo — Miocene volcanics.

1. Introduction

The geological structure of Sardinia consists essentially of a Palaeozoic base-
ment cut by a Tertiary graben which is oriented NS in the northern part and
NW-SE in the southern. This graben is filled by thick and massive volcanic
and volcano-sedimentary series (Fig. l). The volcanism can be subdivided into
two cycles. The first, of calc-alkaline type, began at the limit Oligocene-Miocene
and ended in the middle Miocene. The second of alkaline type, succeded the
middle Miocene marine transgression.

This large volcanic region has attracted several groups of palaeomagnetists,
interested in the movements of Sardinia (de Jong et al., 1969, 1973; Bobier
and Coulon, 1970; Coulon et al., 1974; Bobier, 1974; Manzoni, 1974, 1975).
The diverse palaeomagnetic investigations have generally given comparable re-
sults but the ensuing interpretations are rather divergent.

In the Plio-Quaternary alkaline lavas, all authors agree that the directions
of the characteristic magnetization are close to the present N direction. In the
calc-alkaline lavas, de Jong et a1. (1969, 1973) and Manzoni (1974, 1975) found
dominent NW directions of magnetization. They explain the transition from
NW directions to N directions by an anticlockwise rotation of Sardinia relative

0340-062X/79/OO45/0259/$04.4O
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Fig. 1. Geology of Sardinia and location of
sampling sites (numbers). 1 : Tertiary
ignimbrites; 2: Tertiary andesites;
3: Plio-quaternary basalts; 4: Palaeozoic
basement; 5: sediments; An, Anglona; Go,
Gallura; L0, Logudoro; Bo, Bosano; Si, Sinis;

___, Su, Sulcis

to Europe. Bobier (Coulon et al., 1974; Bobier, 1974) did not find such NW
directions in the lower unit of the calc-alkaline volcanics. Thus he proposed
two other solutions. In the first he explains the NW directions by secular
variations and anomalous positions of the geomagnetic field during a reversal.
The second involves two successive rotations in opposite directions.

To remove this incertainty a thorough investigation of the Sardinian volcanics
was required. This study had to deal with the largest stretch of geological
time and the widest geographical sampling possible. Preliminary results based
on 55 sites were in agreement with the hypothesis of a rotation during the
calc-alkaline volcanism (Edel and Lortscher, 1978). Nevertheless they showed
a rather important scatter of the directions. A more detailed investigation,
based on a better separation of the different components of the natural remanent
magnetization was necessary. In the present paper these results have been refined
by measurements of supplementary specimens and enhanced by complete investi-
gations on 39 new sites. To obtain better information on the palaeomagnetic
quality of the different rocks, their properties and their behaviour during both
alternating field demagnetization and heating up to the Curie temperature,
have been measured.

2. Geological Setting and Sampling

In Logurodo and Bosano, Coulon et al. (1974), Coulon (1977) distinguish several
series in the calc—alkaline volcanics
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— a lower andesitic series, SAl (or ocl on the geologic maps ‘Alghero’
and ‘Bonorva’

— a lower ignimbrites series 811 (T1, t1)
— an upper andesitic series SA2 (ozz)
—— the dacites of Cosso'ine and M. Frusciu (r3)
— the rhyolite of M. Traessu (T3)
— an upper ignimbritic series 812 (12, t2)

All these units have been sampled for palaeomagnetic studies. Nevertheless
it is often not possible to know in which series one is, and the geologic maps
include several errors.

In Anglona the geologic map ‘Castelsardo’ shows three main series
— an andesitic series (oz) that Coulon compares to SA2 (personal communi-

cation)
' '

— a volcano-sedimentary series (M1t) consisting of a succession of tuffitic
and sedimentary layers and of intercalations of ignimbrites (M11)

—— an upper ignimbritic series (12) which is the same in Logudoro and
Bosano.

Our sampling concerns oz, MIt and M11.
In Sulcis (SW of Sardinia) the geologic map ‘Iglesias’ mentions undifferen-

tiated andesites (oz) and liparites (1). Both have been sampled.
In Gallura and near Oschiri the samples of sites 118, 119, 10, 13 have

been taken in ignimbrites overlying the granitic basement.
Our study is based on measurements on 790 specimens representing 549

samples and 94 sites. Figure l shows the distribution of the sites as follows:
32 sites in Anglona, 51 in Bosano and Logudoro, 6 in Sulcis, 2 in Gallura,
2 near Oschiri and l in Sinis. Sites 49 and 16 belong to the Plio-quaternary
alkaline volcanics.

The samples of sites 1 to 33 have been broken off in hand samples, oriented
with an horizontal plaster cap (geog. N, mag. N) and cut into 43 mm cubes.
The samples of the succeeding sites have been drilled and cut into 25 mm
cores. Each sample is composed of 2 to 5 specimens.

3. Magnetic Properties of the Calc-Alkaline Volcanics

To study the magnetic properties of the different rocks which compose the
calc-alkaline series, we have measured different parameters such as the ‘natural
remanent magnetization’ (NRM), the rate of viscosity (Iv) and the susceptibility
(K). The equipment used for measurements consists of a Spinner magnetometer
P.A.R. SMI and a Digico magnetometer. Susceptibility is measured in a field
of 0.7 mT and 10 kHz with a susceptibility bridge. We consider the results
now and discuss them later.

Figure 2 shows the behaviour of the NRM (J), the susceptibility (K) and
the Koenigsberger factor (Q) for the three main volcanic rocks, ignimbrites,
andesites and tuffites. Each sample is represented by a point. J is weakest
for the tuffltes. For the lower values, a trend at Q=constant can be observed.
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This is also visible for the samples at the same site. The behaviour of the
andesites is quite different. J varies between 10’l and 10—2 A/m but K remains
rather constant. This observation can also be made at numerous sites. The
greatest density of population corresponds to J= 1 A/m, K: 3,7 10— 2, and conse-
quently Q:0‚74. For the ignimbrites the distribution is intermediate. The re-
manenee is comparable with that of the andesites but the susceptibility is gener-



|00000271||

Palaeomagnetism of Tertiary Volcanics of Sardinia 263

ally weaker. At any one site the trend looks sometimes like that of the tuffites
but more often it is also intermediate.

The samples were stored for 3 weeks in a normal laboratory field. After
measurement of the NRM, they were inverted and left for about 3 weeks
in a reverse laboratory field. The quantity of viscosity if given by:

|M1—lIv=100><——————IM1+M2I %

with: M1 =NRM vector in the normal field position
M2 =NRM vector in the inverted field position

Figure 3 shows the distribution of the samples in a logarithmic diagram of
Iv against Q. The points seem to be scattered about a straight line. Thus,
Iv is a function of the type Ivza/Ql"g 3. The quantity of viscosity decreas Q
increases. For Q>0.2, the scatter is least for the tuffites and greatest for the
ignimbrites. The scatter increases as Q increases.

4. Magnetic Properties After Alternating Field
and Thermal Demagnetizing

Thermomagnetic Curves

Our aim is to assess the magnetization acquired during the cooling of the
lavas. Theoretically the coercivity is greater for that magnetization than for
secondary magnetization acquired later. Usually, the blocking temperature is
also higher for that primary magnetization. Therefore we have tried to eliminate
the secondary magnetizations by applying an alternating magnetic field and
by heating the samples up to the Curie temperature. Our equipment allows
us to reach alternating fields of up to 150 mT. All specimens have been demag-
netized. At least one specimen per site has been heated up to 550°—600° C.
The alternating field demagnetization for all other specimens has been done
at ‘5 to 15 different field intensities.

Figure 4a shows some examples of the behaviour of the intensity after
alternating field demagnetization. Figure 4b gives the variations of the intensity
of the remanent magnetization and of the susceptibility after heating at different
temperatures and after cooling in null field. Thermomagnetic curves obtained
with a horizontal Curie balance (Artzt, 1972) in a high field (05 T) complete
the study of the magnetization with temperature (Fig. 5).

Typical curves for ignimbrites are given by samples 54211 and 54212
(54znumber of the site, 2:number of the sample, 11 and 122number of the
specimens). They shows a strong coercitivity and a blocking temperature higher
than 600° C. An intermediate inflection appears on some intensity curves and
on some susceptibility curves (53112, 7312). Thermomagnetic curves in high
field show often a similar behaviour (Lortscher, 1976).
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N
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260 T 460 i
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Fig. 5. Curie temperature
distribution; Full line, heating;

. dashed line, cooling
O 200

The andesites show more variable coercivities. Demagnetization was ob-
tained for samples 43111 and 43113 without any problem. The coercivity
is strong and the temperature curve is a typical curve for a magnetite poor
in titanium. But more often this is not the case. The NRM is mainly due
to a secondary magnetization which disappears sometimes rather quickly at
10—20 mT (39311). The intermediate temperature of 300° C appears on many
curves: at that temperature the susceptibility can either decrease or increase
(46512,34212)

The tuffites have two types of behaviour. In one, the coercivity is rather
strong and after heating the intensity decreases slowly (120120, 120121). In
the other, the NRM is essentially due to a magnetization with a weak coercivity.
The intensity decreases quickly up to 300° C, then either increases again, or
begins to oscillate. At 300° C the susceptibility increases slightly.

5. Components of the Normal Remanent Magnetization

When the coercivity spectra of the different magnetizations which compose
the NRM are distinct, it is possible by a judicious demagnetization to separate
the directions of the magnetizations. Our demagnetization procedures have
yielded several patterns shown as cases (a) and (b) in Fig. 6.

In case (a) which corresponds to the majority of the ignimbrites, the NRM
is composed of only a secondary magnetization, which is mainly a very weak
viscous magnetization, and a primary magnetization which can be considered
to be the characteristic magnetization. That primary vector can either be easily
demagnetized (a1) or not (a2) and then directions begin to oscillate. These
oscillations are a function of the rock and of the demagnetizing equipment.

In case (b) which is very often that for the andesites and the tuffites, we
have obtained three components: the viscous magnetization which rapidly disap-
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Cl) 2
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b) 1
O O /;,0

2 ’1?
Fig. 6. Components of
the NRM (schematic
representation). Types of
demagnetizations bl '34

pears, a secondary and a primary magnetization. In the best case, all components
can be separated (bl). Usually the direction of the secondary vector can also
be determined. This is not always the case for the primary. When the coercivity
spectra overlap, one demagnetizes the primary as well as the secondary magne-
tization (b2). Many andesites show such a behaviour. Sometimes, especially
in the tuffites, the directions begin to oscillate during the demagnetizing of
the secondary magnetization (b4), or only at the begining of the demagnetizing
of the primary (b3). In cases (b2, b3, b4), the directions obtained after demagne-
tizing are scattered and the mean direction does not give the direction of the
characteristic magnetization. However at a homogenous site the planes defined
by the secondary and the primary vectors must intersect along a common
line which is the direction of the primary vector (Halls, 1976). This computation
has always be done when the demagnetization did not show a clear primary
vector such as that in cases (a1 and b1). An example is given by site 55 in
Fig. 7.

6. Palaeomagnetic Properties of the
Different Cale-Alkaline Volcanics

On many temperature versus intensity of remanence curve (Fig. 4) as well
as on the thermomagnetic curves in high field (Fig. 5), we have observed an
intermediate Curie temperature of about 300° C. The susceptibility curves also
show an inflection at the same temperature. Similar thermomagnetic diagrams
have been found for oceanic dredged basalts by Ade-Hall (1964) and Wasilewski
(1968). Readman and O’Reilly (1970) obtained analoguous results with synthetic
titanomaghemite in a vacuum. Ade-Hall and a1. (1971) explain such thermomag-
netic behaviour of continental basalts by a regional hydrothermal alteration.
This alteration acts in an environment of the zeolite metamorphic facies and
produces new magnetic phases.
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Fig. 7. Example (site 55) of
secondary (2) and primary (1)
magnetization directions. The
primary direction is given by the
intersections of the demagnetizing
planes. Each symbol represents a
specimen

We have observed zeolites on several thin sections of our samples, as has
Baque (1974). Thus the hypothesis of Ade-Hall and al. (1971) may also hold
for the calc-alkaline rocks of Sardinia. Regional hydrothermal alteration would
be the most important creator of secondary magnetizations. However the effects
vary with the petrographic nature of the rocks.

In the tuffites one distinguishes two types; those which constitute a good
palaeomagnetic material and the others. In the first type the opaque grains
are small. They correspond to samples which show a Q=constant trend (Fig.
2). In the case of monodomain grains, remanence and susceptibility are due
to the same grains and when the number of grains increases, J and K increase
together and Q remains constant. So it is possible that in our case the monodo-
main grains are dominant. Their demagnetizing curves indicate a great coerciv-
ity and a Curie temperature between 500° and 580° C. The demagnetizing process
allows the determination of the primary direction. In the second type, which
is the more usual, the opaque grains are rather big (0.1 mm). The viscosity
is important. The demagnetizing process reveals essentially a secondary magne-
tization which can be attributed to hydrothermal alteration. The coercivity
is weak but at 16 kAm—1 (200 0e) the remanence begins to oscillate and it
is often impossible to obtain the primary direction. Similar difficulties arise
after heating up to 300° C. Sometimes the demagnetizing curves look like typical
(a1) curves. Nevertheless the latter considerations show that the vector would
only be composed of a secondary magnetization and the primary would have
completely disappeared.

The andesites Show many types of behaviour and to discuss how they are
distinguished would take to long. Only one distinction can be made: some
of the NRM correspond to type (a), others to type (b). The first (samples
43111, 43112 on Fig. 4) do not present any difficulty. The others are more
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complicated. In Fig. 2 we noted that in a plot of J against K, K remains
quite constant. For an intensity of the NRM higher than l A/m, we observed
a correlation between the intensity J (NRM) and the angle 0 defined by NRM
and CARM (characteristic magnetization) (Fig. 8): 0 increases as J increases.
This means that a relatively strong secondary magnetization has been acquired
in a reversed field to the TRM field. This is available for sites with normal
and reversed polarity. For some specimens one can observe that 6 increases
with J as well as with the degree of alteration. When the NRM is strong
(> 1 SI), the viscosity is weak and then the secondary magnetization is probably
a chemical. The intermediate Curie temperatures allows us to attribute this
chemical magnetization to the hydrothermal alteration. Often the primary direc-
tion can be defined, usually by the intersections of the demagnetizating planes.
Nevertheless in some cases the secondary magnetization has a Curie temperature
of up to 600° C. Such thermomagnetic curves can be explained by deuteric
oxidation (Ade-Hall et al., 1971). Then. it is often not possible to find a primary
direction. As well as for tuffites a demagnetizing curve (a) can be a demagnetizing
curve (b) (Fig. 6) for which the TRM has disappeared. So one confound the
secondary chemical magnetization with the TRM.

The ignimbrites are by far the best material for palaeomagnetic studies
in Sardinia. The weak viscous magnetization disappears quickly. When they
exist the secondary magnetizations can be eliminated easily.

7. Directions of the Remanent Magnetizations
and Interpretation

All informations on the directions of secondary and primary magnetization are
given in Table 1. These directions which have been judged representative for
a site are illustrated in Fig. 9.
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Table l. Site, site number; Loc, topographic maps, 1/25 000e; x, longitude; Y, latitude; Dip,
direction and dip of max. slope; d, method of demagnetizing (Fig. 4); a, primary (1) or secondary
(2) magnetization; s, Fisher statistic (F) or intersect of the demagnetising planes (C); N/NO, number
of samples taken for the mean direction computation (N) and total number of samples (No);
u/n/no, number of specimens taken for the mean direction computation (u), number of specimens

Site Loc. X Y Dip d a

3 Castelsardo 8 44 28 40 53 19 0 a 7N0 bl 2
1

4 Castelsardo 8 45 55 40 54 11 5N320 b3a1 2?

Castelsardo 8 44 54 40 53 35 10N320 b3al 2?

36 Castelsardo 8 44 38 40 53 54 15N320 a1 1

37 Castelsardo 8 44 46 40 53 49 15N320 a1 1

67 Castelsardo 8 45 10 40 53 30 7N230 b3b4 2
1
1

120 Castelsardo 8 43 08 40 54 45 10N10 alb4 2
1
1

121 Castelsardo 8 43 41 40 54 45 10N0 alb4 2

122 Castelsardo 8 43 41 40 54 45 10N0 b4b3 2
l?

123 Castelsardo 8 43 41 40 54 45 10N20 b4b3 2
1?

124 Castelsardo 8 45 19 40 53 34 5N280 b3b4 2
1
l

126 Castelsardo 8 45 03 40 53 30 5N320 alb4 2?

127 Castelsardo 8 45 23 40 53 37 5N280 b3 2
1
l

128 Castelsardo 8 45 48 40 53 46 5N260 b4al 2
1

l Castelsardo 8 46 10 40 53 51 6N240 b1 2
l

2 Castelsardo 8 46 20 40 53 54 7N265 a1 l

7 Castelsardo 8 46 50 40 54 14 — blb2 l

8 Castelsardo 8 46 34 40 54 24 15Nl70 albl 2
1

125 Castelsardo 8 49 43 40 53 37 7N270 a1 1

10 Oschiri 9 06 54 40 42 43 — a1 1

l3 Oschiri 9 07 12 40 43 13 10N250 alb2 1
1

118 Costa Paradiso ~ O a2 1

119 Costa Paradiso ~ 0 a2b3 1
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which possess the considered magnetization (n), total number of specimens (n0); D, declination;
I, inclination; R, k, a95, Fisher statistic parameters; ‚ß, defines the cone in which p magnetization
planes intersect; b, direction taken in account in Fig. 9; PS, petrographic and stratigraphic denomina-
tion (chapter 2)

s N/No u/n/no D I R k 0:95 b PS
ß

F 5/5 8/8/11 352 58 7,9147 82 6 Mlt
F 5/5 8/8/11 328 58 7,9742 272 3 1
F 4/4 6/7/7 359 57 5,9825 287 4 2? Mlt
F 3/3 6/6/6 358 54 5,8936 47 10 2? Mlt
F 5/5 5/5/5 358 48 4,9914 468 4 1 Mit
F 6/6 6/6/6 353 — 14 5,9768 216 5 1 Mlt
F 6/6 8/8/14 298 62 7,7963 34 9 2 Mlt
F 6/6 11/11/14 164 —28 9,8562 9 16
C 6/6 11/14 143 -—56 10 1
F 7/7 13/13/15 349 50 12,6846 38 7 2 Mlt
F 2/7 2/4/15 106 —56
C 3/7 3/15 130 -64 5 1
F 6/6 9/9/9 331 64 8,9485 155 4 2 Mlt
F 5/5 6/6/9 335 60 5,9451 91 7 Mlt
F 4/5 6/6/9 353 60 5,9683 158 5 1?
F 2/3 3/3/5 352 62 2,9925 268 7 2 M1 t

1/3 1/1/5 7 63
F 4/6 5/8/9 337 57 4,8682 30 14 2 Mlt
F 5/6 7/7/9 121 -—70 6,9760 250 4
C 6/6 8/9 131 —70 8 1
F 5/5 5/5/5 5 56 4,9900 402 4 2? Mlt
F 7/7 9/9/9 349 46 8,8032 41 8 2 Mlt
F 6/7 6/6/9 152 —59 5,8814 42 10
C 7/7 9/9 159 ——60 7 1
F 6/6 10/11/11 330 54 9,6791 28 9 2 M1 t
C 6/6 9/11 148 -61 5 1
F 5/5 6/6/6 314 58 5,9824 285 4 2 Mlt
F 5/5 5/6/6 286 53 4,9756 164 6 1
F 5/5 7/7/7 287 54 6,9921 765 2 l M11
F 3/3 4/4/4 281 57 3,9369 48 13 1 M1 1
F 2/5 2/3/6 305 65 2
F 5/5 6/6/6 281 60 5,9889 452 3 1 M11
F 7/7 7/7/7 166 —31 6,9919 747 2 1 M1 r
F 6/6 9/10/10 164 —49 8,9674 246 3 l r
F 6/6 7/7/7 148 ~38 6,9591 147 5 r
C 6/6 7/7 150 —46 7 1

F 6/6 6/6/6 144 —44 5,9931 727 2 l 7:
F 6/7 6/6/7 146 —44 5,9847 329 4 l r
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Table 1 (Continued)

Site Loc. X Y Dip d a

5 Castelsardo 8 44 59 40 53 40 ~15N320 albl 1

34 Castelsardo 8 44 49 40 53 47 ~ 15N320 albl 2
1

15 Castelsardo 8 46 14 40 52 32 — a1

11 Castelsardo 8 43 24 40 52 18 — alblb2 2
1

12 Castelsardo 8 43 23 40 52 26 — alblb2 2
1

14 Castelsardo 8 44 30 40 52 57 — b4 2

33 Nulvi 8 44 34 40 48 06 — albl 1

32 Nulvi 8 47 01 40 46 53 — b2b1 1?

66 Castelsardo 8 42 34 4O 50 05 — a1 l

38 Sorso 8 40 37 40 45 59 — b4 2

39 Sorso 8 41 34 40 47 O8 b3b4 1

4O Osilo 8 39 38 40 44 00 —- a1b3 2
1

116 Osilo 8 4143 40 4415 —- alb2 1

129 Osilo 8 39 21 40 44 O4 — b2b3b4 2
1?

130 Osilo 8 40 29 40 44 56 — b2 1?
1?

115 Chiaramonti 8 45 00 40 41 07 — b1b2b4 1

41 Chiaramonti 8 44 59 40 40 42 — b3b4 2
1
1

90 Bosa 8 31 40 40 17 28 — b4 1
1

30 Bosa 8 30 52 40 18 32 — alb2 1

31 Bosa 8 30 05 401840 ~0 alb2 1

26 Padria 8 35 11 40 22 05 — a1 1

27 Padria 8 35 17 4O 22 05 —— b1b2 1
1

50 Sindia 8 35 49 40 19 53 — a2b3 1

63 Romana 8 38 58
'

40 28 38

64 Romana 8 39 08 40 28 52 — a2 1

65 Romana 8 39 58 40 28 24 — b3b4 1
1

43 Banari 8 39 41 40 33 42 — a1 1



|00000281||

Palaeomagnetism of Tertiary Volcanics of Sardinia 273

S N/NO H/n/no D I R k (X95 b PS

ß

7/7 8/8/8 356 — 17 7,9472 133 5 1 a
F 6/6 7/8/10 4 45 6,8843 52 8 2 a
F 5/6 9/10/10 358 — 13 ‚ 8,9258 108 5 1

1/3 2/2/5 331 20 01
2/3 3/3/5 357 34

F 2/5 4/5/9 297 48 3,9502 60 12 2 01
F 3/5 4/4/9 330 53 3,9339 45 14 1
F 4/6 5/5/10 347 41 4,9571 93 8 2 01
F 4/6 5/5/10 332 49 4,9773 177 6 1
F 5/5 8/9/9 134 — 7 7,9619 184 4 2 01
F 5/5 8/8/8 322 11 7,9764 297 3 1 a
F 5/5 7/7/7 307 67 6,9604 152 5 1 a
F 6/6 9/9/9 123 — 17 8,4866 598 2 1 on
F 6/6 8/8/10 358 48 7,9558 159 4 2 01
F 4/9 7/7/14 157 — 36 6,9702 201 4 01
C 8/9 12/14 160 — 35 8 1
F 4/6 5/6/15 358 46 4,8163 22 17 2 a
F 5/6 9/10/15 321 55 8,7939 39 8 1
F 6/7 6/7/7 343 53 5,9892 465 3 1 a
F 3/10 4/5/18 357 62 3,9954 659 4 o:
F 8/10 12/12/18 316 67 11,8781 90 5 1?
F 7/7 8/9/9 20 57 7,8026 35 9 01
C 7/7 7/9 8 50 10 1?
F 6/6 7/7/8 8 47 6,9839 375 3 1 01
F 2/4 2/2/6 354 64 2 01
F 4/4 6/6/6 118 —21 5,6910 16 17
C 3/4 4/6 155 — 53 5 1
F 5/6 9/12/12 146 —45 8,5469 18 13 06
C 5/6 9/12 148 —66 10 1
F 6/6 9/9/9 139 —40 8,8844 69 6 1 SA2
F 5/5 5/5/5 11 80 4,9659 117 7 1 SA,
F 3/4 3/4/4 174 —41 2,9989 1812 3 1 SA,
F 4/5 4/5/5 172 — 32 3,9604 76 11 SA,
C 5/5 5/5 182 —47 5 1
F 5/6 6/8/8 183 — 54 5,9805 257 4 1 SA,

SA2

F 5/5 7/7/7 172 —56 6,9921 762 2 1 SA,
F 2/4 ‘4/4/9 100 —68 3,9792 144 8 SA,
C 4/4 7/9 109 —68 8 1
F 3/3 5/5 344 55 4,9978 1835 2 1 SA,
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Table 1 (Continued)

Site Loc. X Y Dip d a

17 Capo Marargiu 8 24 20 40 22 34
18 Capo Marargiu 8 24 29 40 22 06 — b4 2

19 Capo Marargiu 8 24 42 40 22 00 — a1

20 Capo Marargiu 8 25 O7 40 21 30 — b2b3b4 1

21 Capo Marargiu 8 23 33 40 20 20

28 Capo Marargiu 8 24 00 40 22 11 — alb4 1?

29 Capo Marargiu 8 25 18 40 21 19 — alb2 1

46 Banari 8 40 O2 40 30 25 — a1 1

47 Romana 8 41 03 40 29 45 — a1 1

48 Romana 8 41 13 40 29 54 — b2b3 2
1
1

42 Banari 8 38 17 40 34 08 — a1 1

44 Banari 8 39 34 40 34 56 — a2b3 1

45 Banari 8 39 08 40 33 20 — b3b4 2
l

98 Banari 8 39 43 40 34 42 — b1b4 2
1
1

99 Banari 8 38 45 40 34 22 — b3b4 1
1

22 Montresta 8 30 03 40 23 05 — a1a2 1

23 Montresta 8 29 37 40 23 l8 — b2 1

24 Montresta 8 28 51 40 23 40 — a2b2 1

95 Montresta 8 28 56 40 23 18 — a1 1

54 Montresta 8 29 27 40 20 O2 17N25 a1a2 1

92 Bosa 8 30 40 4O 19 17 2ON30 a1 1

93 Bosa 8 30 37 40 20 00 15N15 a1 1

94 Montresta 8 27 54 4O 23 44 — alb2 1

96 Montresta 8 31 09 4O 23 39 510N7080 a1 l

103 Itiri 8 27 38 40 37 l3 15N80 a1 1

107 Valverde 8 23 18 40 33 47 O a1 l
15N350

111 Pedra Ettori 8 23 43 40 26 24 ~O al 1

112 Pedra Ettori 8 23 43 40 26 24 ~0 a1 1

51 Torre Argentina 8 26 16 40 19 23 ? a1 1?
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s N/No 11/n/nO D I R k 0195 b PS
ß

SA1

5/5 6/8/8 148 — 3 5,9278 69 8 2 SAl

F 2/3 4/4/7 353 1 31 3,9801 151 7 SA1
1/3 3/3/7 323 35 2,9931 294 7

F 5/5 7/7/7 156 —67 6,6712 18 14 SA1
C 5/5 7/7 190 —62 10 1 SA1

F 2/6 4/4/10 316 52 3,9012 30 17 1 SAI
F 4/6 6/6/10 276 28 5,8210 28 13
F 4/4 6/6/6 141 —68 5,9494 99 7 1 SAl

F 9/9 9/11/11 163 — 33 8,9396 132 4 1 SA1

F 4/4 4/4/4 128 —49 3,9609 77 10 1 SA1

F 4/4 7/7/7 316 3 6,8720 47 9 2 SAl
F 4/4 7/7/7 124 ——44 6,7191 21 13
C 4/4 7/7 140 ——35 5 1

F 8/8 10/11/11 340 35 9,9757 372 3 l SA,

F 3/3 8/8/8 176 ——54 7,9246 93 6 l SAI

F 2/8 3/3/11 274 56 1,9976 420 12 2 SAl
F 5/8 5/6/11 318 52 4,9225 52 11 l
F 5/5 5/6/7 317 63 4,9617 104 7 2 SAl
F 3/5 3/3/7 145 —43 2,9973 760 4
C 5/5 7/7 147 —57 5 1 SAl

1/7 1/7/14 343 38
C 6/7 11/14 345 36 5 1 SA1
F 4/4 5/5/5 160 —43 4,9978 1886 2 1 SAI
F 4/4 4/4/4 145 ——59 3,9909 331 5 1 SAl
F 4/4 5/5/5 142 —45 4,9740 154 6 1 SAl
F 6/6 6/6/6 151 —37 5,9855 346 4 1 SAl
F 5/6 7/8/8 168 —30 6,9870 464 3 1 811
F 6/6 6/6/7 153 —60 5,9800 251 4 l S11
F 8/8 8/8/8 154 —40 7,9593 172 4 1 S11
F 4/7 4/7/7 150 —25 3,9742 116 8 l 811

F 4/5 4/5/5 333 45 3,9851 202 6 1 SIl

F 7/7 7/7/7 333 43 6,9909 661 2 l (812)

F 6/6 6/6/6 141 —43 5,9819 277 4 1 (SIZ)

F 6/7 6/8/8 141 —61 5,9909 551 3 1 811

5/5 5/5/5 132 —52 4,9790 191 5 l S11

F 5/7 7/10/10 7 58 6,9468 113 6 1 oc
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Table 1 (Continued)

J.~B. Edel

Site Loc. X Y Dip d a

52 Torre Argentina 8 26 16 40 19 23 10N180?—220 a1 1

53 Bosa 8 27 30 40 l9 23 ~0 b1b2 1

91 Bosa 8 28 34 4017 46 ~0 a1 1

97 Banari 8 37 36 40 34 24 ~0 a1 1

131 Banari 8 41 15 40 3100 — alb3 1
1

132 Romana 8 35 48 40 29 33 — a1 1

133 Banari 8 36 22 40 32 10 5N180 albl 1

134 Romana 8 37 02 40 25 50 —— a1 1

135 Romana 8 40 25 40 28 20 10N20 alb2 1

55 Alghero 8 19 23 40 32 32 — b3b4 2
1
1

106 Valverde 8 23 21 40 33 44 — b3b4 1
1

68 Carbonia 8 30 53 39 08 08 Variable a1 1

69 Perdaxius 8 37 22 39 07 25 — a1 1

7O Perdaxius 8 41 03 39 O8 13 — b3b4 2
3?
1
1

71 Siliqua 8 49 08 39 15 52 — a1 1

72 Villamassargia 8 40 22 39 15 36 — b1b2 1
75 Perdaxius 8 35 43 39 09 51 — b1b2 l

16 Sinis 8 26 08 39 54 30 — alb2 1

49 Sindia 8 34 56 40 18 06 ~0 a1 1

In the andesites the measurement of slope was generally impossible. Never-
theless the scatter does not seem to be very much greater than that for the
ignimbrites, the slope of which is known. For the latter the directions are
coherent and hence the scatter can only be explained by secular variation of
anomalous field directions during a reversal. Sites 1, 2, 7, 8 as well as some
other sites investigated by de Jong et a1. (1973) show the same directions grouping
around N 280°—29Oo C which relate probably to the same layer. This group
of directions is removed from the mean direction which is about N 330. Thus,
the ignimbrites which cooled rather quickly, probably took on an anomalous
field direction. This is probably also the case for some andesites like sites
33, 66, 5, 34.

A preliminary interpretation based on 55 sites was given by Edel and
Lortscher (1978). Their conclusion was as follows. In the lower andesitic and
ignimbritic series (SAl, $11), the NW directions dominate. In the upper andesite
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Site Loc. X Y Dip d a

F 4/4 6/6/6 343 9 64 ,7 5,9955 1117 2 l (S12)
346 ' 68 '

F 4/6 6/6/11 338 58 5,9825 287 4 1 (812)

F 4/4 4/4/4 340 63 3,9982 1686 2 1 (S12)
F 7/8 7/8/8 359 52 6,9803 305 3 1 (S11)
F 1/3 2/6/6 159 —35 SA1
C 2/3 4/6 160 — 35
F 3/3 6/6/6 160 —56 5,9916 594 3 1 SA3
F 4/4 4/4/4 328 48 3,9997 14235 1 1 S12
F 4/4 4/4/4 342 55 3,9994 5256 l 1 S12
F 4/4 4/4/4 457 58 3,9027 31 17 1 173
F 4/5 7/9/10 323 65 6,9118 68 7 2 7t
F 4/5 6/10/10 139 —40 5,8688 38 11
C 5/5 8/10 140 —60 7 1
F 5/7 8/10/13 116 —21 7,8122 37 9 n
C 6/7 10/13 147 —38 10 l
F 7/7 8/9/9 26 36 7,8349 42 9 1 r
F 6/6 9/9/9 179 —47 8,9515 164 4 1 a
F 4/8 7/10/17 325 52 6,7259 22 l3 2 on
F 3/8 3/10/17 354 51 2,9757 82 14
F 1/8 2/2/17 115 —55
C 7/8 13/17 120 —60 10 1
F 6/7 6/8/8 75 —55 5,9798 248 4 1 a
F 5/5 10/10/10 333 31 9,9378 145 4 1 at
F 5/5 7/7/7 130 —59 6,9520 125 5 1
F 5/6 5/6/6 198 —48 4,9907 430 5 1 ß
F 4/4 4/4/4 4 56 3,9973 1132 3 1 ß

series SA2, NW in addition to N directions were obtained. In the upper ignimbri—
tic series (SI2, 12) de Jong et a1. (1973) and coulon et a1. (1974) obtained
a clear N direction (Fig. 9d). These results in comparison with petrographic
data and some radiometric ages, are in favour of a rotation of Sardinia after
17 MY (Bellon et a1., 1978).

Our new results generally agree with the first interpretation. But some contra-
dictions appear. So, for some upper and lower ignimbrites we measured respec-
tively NW and N directions. This means, if we did not measure an anomalous
fleld direction, that, either our model does not fit, or the stratigraphy of the
geologists is wrong. Before giving a definitive interpretation we await a new
set of radiometric ages. The potassium-argon method, applied to individual
minerals of our palaeomagnetic samples, will allow us hopefully to reach definite
conclusions.
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S S
Fig. 9. Projection of the site mean directions in the ignimbrites (a), andesites (b) and tuffites
(c) of the calc-alkaline Tertiary volcanics. Primary magnetizations (o) and secondary magnetizations
(A). Upper ignimbritic serie by de Jong et al. (1973) and Coulon et a1. (1974) (d)

8. Conclusions

In the present paper we have described the different magnetic parameters as
a function of the pertrographic nature of the calc-alkaline volcanics. Thermal
treatment shows that most calc-alkaline volcanics underwent regional hydrother-
mal alteration. This results in the presence of secondary magnetizations, the
importance of which vary with the petrography. They are very strong in the
most tuffltes, generally important in the andesites and negligible in the ignim-
brites. Thus the palaeomagnetic study necessitates very detailed demagnetiza—
tions, especially with regard to the type of magnetization which is present.
The directions of characteristic magnetization in the ignimbrites, which show
no significant secondary magnetizations and for which the tectonic correction
has been done, reveal significant secular variations and anomalous field direc-
tions during cooling of the lavas. Field reversals are numerous during Tertiary,
and the anomalous directions of magnetization may have been induced during
such reversal.
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Except for the upper ignimbritic series 812, the directions are generally
NW, scattered around the mean direction D=332, I= 52 with N=79, k=22,
a95=3°. Soon, new radiometric ages of our samples will allow us to interpret
the palaeomagnetic data from a geodynamic point of View.
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Analysis of an Eastward Electrojet
by Means of Upward Continuation
of Ground-Based Magnetometer Data

U. Mersmann, W. Baumjohann, F. Küppers, and K. Lange
Institut für Geophysik der Universität Münster,
Gievenbecker Weg 61, D-4400 Münster, Federal Republic of Germany

Abstract. On October 26, 1975, data from two parallel meridian chains
of densely spaced magnetometers in Northern Scandinavia indicated the
presence of an evening sector eastward electrojet which between 1606 and
1710 UT was two-dimensional. By separating the relevant components of
the magnetic disturbance fields into internal and external parts, and by
subsequent upward continuation (towards the source) of the external horizon-
tal component, equivalent height-integrated ionospheric current densities
were derived as a function of latitude and time. Whereas the demarcation
line between the eastward and westward ionospheric electrojet currents re-
mained stationary, the sharp southern border of the eastward electrojet
moved towards the south with a speed of about 50 ms’ 1, possibly indicating
an earthward movement of the inner edge of the magnetospheric plasma
sheet. The maximum eastward height-integrated current density was of the
order of 0.5 Am‘ 1, the corresponding large-scale field-aligned current density
has been estimated to have been of the order of 1.0 „Am—2. After 1630 UT
there was evidence for a superposed stationary small—scale structure (wave—
length of the order of 250 km) in the eastward flow, which would imply
a pair of local field-aligned current sheets possibly related to an auroral
arc.

Key words: Magnetic variations — Scandinavian magnetometer array — Field
separation — Upward continuation of external fields — Eastward auroral
electrojet — Field-aligned currents.

Introduction

It is well known that during periods of enhanced magnetospheric activity an
eastward electrojet flows in the dark postnoon and evening sector along the
southern part of the auroral oval (Kamide and Fukushima, 1972; Rostoker,
1972) simultaneously with a more poleward situated westward electrojet, which

0340-062X/79/0045/0281/$03.60
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penetrates from the midnight into the evening sector during periods of substorm
activity (Rostoker and Kisabeth, 1973; Rostoker et al., 1975). The eastward
electrojet flows in a conductivity channel generated mainly by diffuse and rela-
tively uniform precipitation (Wallis et al., 1976) of inner plasmasheet particles
(Lui et al., 1977). It is driven by a northward electric field, which has been
observed by means of satellites (e.g. Maynard, 1974), rockets (e.g., Evans et al.,
1977) and the Chatanika-radar (e.g., Banks etal., 1973). Field-aligned currents
appear to flow upward in the poleward and downward in the equatorward
half of the eastward electrojet region (Rostoker et al., 1975). Therefore it may
be assumed that the eastward electrojet mainly consists of a relatively uniform
— if compared with the substorm westward electrojet — Hall current (Wescott
etal., 1969; Brekke et al., 1974; Baumjohann et al., 1978).

Besides these large-scale features, small-scale phenomena have also been
observed in the eastward electrojet region most of which are related to auroral
arcs. Wallis et a1. (1976) and Wallis (1976) observed auroral arcs embedded
in the region of diffuse aurora. Lui et al. (1977) reported highly structured
and intense electron precipitation causing discrete auroras sometimes embedded
in the diffuse precipitation aurora region and Mende and Eather (1976) found
dynamic structures in the soft and mainly diffuse electron precipitation. Iijima
and Potemra (1978) observed fine scale structures in the evening sector field-
aligned currents during active periods when the westward electrojet had intruded
into the evening sector. Armstrong et a1. (1975) and Kamide and Rostoker
(1977) pointed out that small-scale structures in the field—aligned current flow
observed by the TRIAD satellite were related to discrete arcs in the poleward
half of the eastward electrojet region. Casserly and Cloutier (1975) found a
small-scale field-aligned current sheet pair near an auroral arc in the positive
bay region. Maynard et a1. (1977) and Evans et a1. (1977) reported a decrease
of the northward electric field in the eastward electrojet region when their
rocket flew over an auroral arc. Beaujardiere et a1. (1977) observed southward
electric fields in evening arcs, which were embedded in an ambient northward
electric field, using data from the incoherent scatter radar at Chatanika.

At the present we have tried to apply the method of field continuation
towards the source to ground-based magnetic observations of an eastward elec-
trojet. This method is well-known in applied geophysics (see e.g., Grant and
West, 1965) and has been already used by McNish (1938) in order to estimate
possible heights of auroral zone ionospheric currents. These results were much
limited by the large mutual distances and the irregular distribution of magnetic
observation stations. Against this we were able to base our investigation on
two parallel, closely neighbouring profiles which were rather evenly and densely
occupied by magnetometers.

As compared to methods where, in the course of interpolation, model iono—
spheric or magnetospheric current systems are adjusted to ground-based mag-
netic observations by trial and error or some inversion techniques, the method
of upward continuation presents a rather direct way by which at least equivalent
height-integrated ionospheric current densities can be derived. It was the main
purpose of the present study to examine this method in practice for a two-
dimensional case in which variability transverse to the profiles of observations
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Fig. 1. Locations of magnetic stations used in this study. Within the upper left corner the Kiruna
system (see text) is indicated, besides its origin which is at Kiruna (KIR)

might be neglected, and accordingly a two-dimensional algorithm could be
applied.

Instrumentation

During the International Magnetospheric Study (IMS) the University of Münster
is operating an array of magnetometers of an improved Gough-Reitzel type
(Gough and Reitzel, 1967; Küppers and Post, 1979) in Scandinavia (Küppers
et al., 1979). In 1975 13 of these magnetometers, on two nearly parallel profiles
aligned along geomagnetic meridians with a spacing of 100-150 km in northern
Scandinavia, were already recording. Also an additional one was operating
at the western coast of northern Norway. Data from 12 of these stations,
as shown in Fig. l, were available for October 1975 and have been used together
with data from the magnetic observatories shown in the figure and from the
two observatories Bear Island (BJO, 74.5°N, 19.0o E) and Ny Alesund (NAL,
78.9°N, 11.9°E), which are located further to the north.
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Fig. 2. Magnetograms of lowpass-filtered A- and B-components for the western profile of magnetom-
eters (see Fig. 1), on October 26, 1975. The A- and B-components are defined parallel to the
XKr and yKI-axis, respectively (cf. Fig. 1)

The coordinate system indicated in the upper left corner of Fig. 1 has been
introduced by Küppers et al. (1979) and named the Kiruna system. It is a
Cartesian system obtained by a stereographic projection of the globe onto a
tangential plane centered at Kiruna, Sweden (67.8°N, 20.4° E). Cartesian coordi-
nates are very suitable for analysing magnetic field data by means of potential
theory methods as applied in this paper. The yKI-axis of the system has been
chosen as the tangent to the projection of the gbc (KIR)=64.8° line with qbc
being the revised corrected geomagnetic latitude as given by Gustafsson (1970).
The xKI-axis is perpendicular to the yKI-axis and is directed approximately 12°
west of geographic north at Kiruna, where the system has its origin (XK1=yK1 =0).

General Character of the Magnetic Variations Observed

On October 26, 1975, a positive bay of about 200 nT was observed between
1500 and 1800 UT (1730—2130 MLT) in the Scandinavian sector at a time of
weak magnetospheric activity (Kp=3). Variations of the magnetic components
H, D, and Z relative to the quiet day level were lowpass-filtered with a simple
moving average filter to remove small-scale magnetic variations with periods
less than 5 min, which were superimposed on the positive bay signature. The
filtered variations were then mapped into the Cartesian Kiruna system.

In Fig. 2 the magnetograms for the lowpass-filtered A-components (magnetic
deflection parallel to the xKI-axis) and B—components (magnetic deflection paral-
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Fig. 3. Equivalent current arrows (in nT) on the earth’s surface for 4 instances of time. The current
arrows have their origin at the station, where the corresponding magnetic disturbances have been
recorded. Squares and crosses denote negative and positive Z-components, respectively. The dashed
lines in the upper two panels give the borders of the main two-dimensional equivalent eastward
flow

lel 3)“) observed on the western profile of stations are illustrated. Figure 3
shoWs the equivalent current vectors on the earth’s surface at four different
times. The equivalent current vector is obtained from the measured horizontal
magnetic disturbance vector by rotating the latter vector 90° clockwise, as
viewed from above.

Apparently the positive A-perturbation (indicating an eastward electrojet)
commences for all stations in northern Scandinavia around 1520 UT. The magni-
tude increases slowly until 1700 UT, when it reaches its peak value with the
largest A-values about 100 km south of the northern coast of Norway (stations
ROS and MIE). Note that this maximum occurs later at the more southern
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and also (not shown in Fig. 2) at the more western stations. This southwestern
expansion of the eastward electrojet has also been observed by Kamide and
Fukushima (1972). At about 1650 UT the B-perturbation changes from zero
to positive, indicating a southward component of the equivalent current flow.
From 1650 UT onwards the B-components increase, with their maximum occur-
ring at about 1720 UT while the A-components slowly decrease. This gives
rise to a southward turning of the equivalent current flow as seen in the lower
two diagrams of Fig. 3.

The small values of B, and the similarity in the A-variations observed at
equivalent stations of both profiles, infer that the main part of the current
system is rather two-dimensional until 1710 UT. This is supported by the equiva-
lent current vectors plotted in the upper two diagrams of Fig. 3.

Finally it should be noted that the magnetic signatures seen more to the
north at BJO show a westward electrojet during the whole interval. This jet
penetrated into the evening sector due to substorm activity around midnight
(Rostoker and Kisabeth, 1973; Rostoker et al., 1975; Iijima and Potemra, 1978).
Magnetograms of Siberian observatories give clear indications of an increase
in westward electrojet activity during the interval studied. Especially Cape Chelyu-
skin showed clear signatures of a substorm onset (cf. Untiedt et al., 1978) by
a strong and abrupt decrease in H together with a sudden increase in D when
it was located just around magnetic midnight (at about 1645 UT). The northern-
most station NAL showed rather northward directed equivalent currents during
the whole interval, which seem to be related to polar cap effects (Wallis et al.,
1976). Current directions at both stations (BJO and NAL) are not exactly
antiparallel to the eastward electrojet flow. This fact together with the rather
large spacing made a quantitative analysis of the northern part of the current
system impossible. Accordingly, all results for the westward electrojet shown
in the next sections should be taken more qualitatively than quantitatively.

Equivalent Height Integrated Ionospheric Current Density
Profiles Calculated Via Field Separation and Upward Continuation

For a two-dimensional analysis of the equivalent current system between 1606
and 1710 UT it was necessary to construct latitude profiles of the horizontal
and vertical magnetic components perpendicular to the main current direction.
Therefore, separately for each instance of time, both spatial (xKI, )2“) and mag-
netic horizontal (A, B) coordinate axes of the Kiruna system have been rotated
by the average of the local angles oz,- (t)=tan‘1 [Bl- (t)/A,- (t)] given by stations
under the main current flow (e.g., stations between the two dashed lines in
the upper two diagrams of Fig. 3). This minimized the variations in the horizon-
tal component parallel to the jet and yielded the new horizontal magnetic com-
ponent V, along the new uKI-axis, perpendicular to the eastward electrojet.
In the upper part of Fig. 4, latitude profiles constructed by cubic spline interpo-
lation of the V- and Z-components along the uKI—axis for the magnetic field
observed on the western profile at 1638 UT are illustrated. Also shown is the
magnetic component parallel to the main current direction (W, dotted line
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in the upper diagram). It can be seen that the variations of this component
are essentially zero over the Scandinavian mainland. The latitude profiles
constructed with stations on the eastern chain are in excellent agreement and
support very strongly the idea that a two-dimensional analysis is possible for
this time interval, if one keeps in mind that any results for the westward electrojet
indicated by the two northern stations are quite ambiguous because of the
deviating current direction and the great spacing between these stations.

Since the magnetic field observed on the ground is a superposition of the
ionospheric-magnetospheric source field and the field of the currents induced
in the ground, it appeared to be necessary to separate the magnetic horizontal
component V and the vertical component Z into inner and outer parts. For
a two-dimensional case in a Cartesian coordinate system this can be achieved
by means of the Hilbert transform (Kertz, 1954; Siebert and Kertz, 1957;
Weaver, 1964). With the Kertz operator K defined by:

1 + 0° F A
s‘

(“1(1)
düKI

— 00 I

one gets the following relations for the internal and external parts of the magnetic
field on the earth’s surface:

V; (“1(1) Z ä I: V(uKI) + KZ(“K01

mm) = %[V(um) — KZ(“Kill
Ze (um) = ä [Z (”1(1) _ K V(uKI)]

Zi (“1(1) 2 "i [2041(1) + K V(uKI)] -

KF(“1(1) _

Since the integral has to be calculated from —— co to +00 one has to assume
extrapolating functions for the Vand Z latitude profiles outside the data interval.
In the present analysis an exponential trend was matched at the data of the
northern and southern limits of the profiles. This trend function slowly de-
creased to zero with increasing distance from the limits.

The separated fields for 1638 UT are illustrated in Fig. 4, where the middle
panel shows the external parts of the magnetic components given in the upper
part and the lower diagram gives the internal parts. It is seen quite clearly
that the field due to induced currents seems to be rather weak over the Scandinav-
ian mainland (um < +200 km) while it appears to increase over the sea. Either
the poor two-dimensionality of the westward jet or the good conducting seawater
could possibly be responsible for the different positions of extrema respectively
zero-crossovers of external and internal parts. For a more detailed discussion
of this topic see Kuppers et a1. (1979).

If the external magnetic horizontal component Ve is assumed to be periodic
along the uKI-axis, with ao‘ 1 defining the basic wavelength (large as compared
to the length of our profiles) it may be expanded below the ionosphere according
to potential theory into the series:

I/e(uK19 Z) = Z (ak C05(k “1(1) + bk Sin (k um» ekz
n:

where k=nk0 denotes the wavenumber and z denotes the height.
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Therefore Fourier analysis of the Ve latitude profile on the ground, multipli-
cation of the Fourier coefficients with ek" (h assumed height of ionospheric
current layer) and subsequent Fourier synthesis yields the magnetic field just
below the ionospheric current layer. We have chosen h=110 km according
to the observed average height of eastward and westward electrojets (Kamide
and Brekke, 1977).

During upward continuation, larger wave-numbers, i.e., very large factors
ek” lead to the well-known problem of instability of the method (large short-
wavelength oscillations of the continued field). The problem may be solved
either by cutting the Fourier spectrum above a certain k-value, or by performing
a harmonic analysis and synthesis with sufficiently large spacing AuKI between
neighboured field values instead of the above described Fourier analysis of
a continuous function. In our case we proceeded along the second line. We
found that with Aula = 80 km oscillations of the continued field could be avoided,
while the spatial resolution was still sufficient and corresponded to a minimum
wavelength of 160 km. As an example of the results, the height-continued Ve-
component along both magnetometer profiles at 1710 UT is shown in Fig. 5,
together with the Ve (um) curves on the ground.
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From Biot-Savart’s law the following relation can be derived for the current
density Jeq (in Am‘1 positive eastwards) of the equivalent height-integrated
ionospheric current perpendicular to the uKI-axis generating the magnetic com-
ponent Ve:

2
Jeq (um) = —‘ Ve(uK19 h)

#0

where it is assumed that Ve is given in T. Accordingly, in Fig. 5 (upper part)
the height-continued Ve—component may be considered as a height-integrated
current density (c.f., corresponding scale to the left).

As compared to the curves given at ground (lower part of Fig. 5), Ve(uKI)
at 110 km height (upper part of Fig. 5) is more concentrated and shows larger
extremum values, as is to be expected after continuation towards the source.
Note, however, that the results for um _2_ +300 km (i.e., especially for the regime
of the westward electrojet) are rather ambiguous, because of the reasons men-
tioned above. Besides an interesting steepening of the southward flank of the
eastward electrojet part of the curves during upward continuation, the appear-
ance of a small scale structure near the V8 maximum is quite conspicuous.
It corresponds mainly to a wavelength of nearly 250 km, with the above men-
tioned factor 6"” amounting to about 20. Accordingly, this local structure does
not appear as an indentation at ground but only as a slight asymmetry within
the curve near its maximum.

Of course, it has to be examined if this small-scale structure is real or
if it has been introduced artificially in the course of the different mathematical
procedures which have been applied. We exclude the possibility that the structure
is due to the above mentioned instability of the continuation method, because
the corresponding short-wavelength oscillations disappeared rather uniformly
along the whole profile when we enlarged the spacing AuKI stepwise from 20
to 80 km. Also the special interpolation which has been used seems not to
be of importance because we got nearly the same indentation for both our
profiles though the distribution of stations is clearly different for them. Further-
more, from our experience in a few other similar cases (as communicated pri-
vately to us by König and Sulzbacher) the interesting small scale structures
do not always appear. This also seems to exclude the possibility that this irregu-
larity is generated from a conductivity anomaly (coast effect, for example)
via a not complete separation of internal and external parts. We therefore
conclude that it is justified to assume the physical reality of the discussed
small-scale structure.

In order to illustrate the temporal behaviour in Fig. 6, the derived equivalent
height-integrated eastward current densities are given for 9 instances of time
in the 1606 to 1710 UT interval, for which a two-dimensional analysis is consid-
ered valid. Apparently, both eastward and westward flowing currents grow
steadily until 1702 UT. The maximum equivalent current densities of the east-
ward electrojet increase from 0.1 Am‘ 1 at 1606 UT up to 0.5 Am‘ 1 at 1702 UT
and the total equivalent eastward current is also enhanced by a factor of 5
from 4-104A to 2-105A during the same interval. Simultaneously with the
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growing current amplitude the whole current system broadens. The width of
the eastward current system is increased from 500 to 800 km by an equatorward
shift of its well-defined southern edge linearly with time (about 50 ms‘ 1), while
the demarcation line to the westward flowing current remains stationary at
HK1=500 km (approximately 69° revised corrected geomagnetic latitude).

Additional to these large-scale features, the above discussed interesting small-
scale structure can be seen all the time between 1630 and 1710 UT at a fixed
position. It occurs as a local decrease of about 0.1 Am‘1 near the large-scale
current density maximum between rim—:0 and 200 km.

Field-Aligned Current Density Profiles

We have also tried to calculate the distribution of field-aligned currents by
a method similar to the one used, e.g., by Kamide and Horwitz (19T8). The
method is based on current continuity:
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div ' J =j H

and Ohm’s law for the ionosphere:

J:(+ZP +ZH)-E_ZH +21)

with J denoting the horizontal vector of height-integrated ionospheric current
density, jll the downward field-aligned current density, EH and 21.. the height-
integrated ionospheric Pedersen- and Hall-conductivity, and E the horizontal
ionospheric electric field (assuming the magnetic field directed vertically down-
ward for high latitudes). If we interpret our equivalent height-integrated iono-
spheric current density Jeq as a Hall-current caused by a pure north-south electric
field (e.g., Wescott et al., 1969; Brekke et al., 1974; Zmuda and Armstrong,
1974) we may estimate the downward field-aligned current density by:

[gamma] .‚ Ö
Jll(uKI):W ZHKI

The variability of the ratio ZH/ZP along our profiles and with time is not
known. Though results from the Chatanika-radar (see, e.g., Brekke et al., 1974;
Horwitz et al., 1978) show that this ratio may vary appreciably with time espe-
cially within the regime of the westward electrojet, where it may be as large
as 4, a constant value of 2 may be a not too unrealistic estimate for our
case of an eastward electrojet (see Brekke et al., 1974; Wedde et al., 1977).
With this assumption we get:

‚ 1 Ö
J II (“1(1) =5 aEJqm)

The results of the corresponding calculations are shown in Fig. 7. It shows
that the large-scale field-aligned current distribution exhibits downward current
flow over a width of 250—500 km in the equatorward half of the eastward
electrojet region with current density maxima ranging from 0.4- 10— 6 to 1.2 . 10‘ 6
Am‘2 between 1606 and 1710 UT. The region of field-aligned current flow
out of the ionosphere stretches from the poleward half of the eastward electrojet
region into the region of the westward electrojet and broadens from 500 to
650 km during the interval studied while the current density maxima increase
from 0.3 to 1.0-10‘6 Am‘z. There is also a poleward region of inflowing
field-aligned currents.

The local decrease near the maximum of Jeq (cf. Fig. 6) gives rise to a
local pair of field-aligned currents of less than 100 km width each (corresponding
to the maximum spatial resolution of our analysis). These sheets have maximum
current densities of 0.8 - 10‘ 6 Am" 2 and 4-10‘ 2 Am‘ 1, respectively, at 1702 UT.
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Discussion

The distribution of equivalent height-integrated ionospheric currents and its
temporal development derived in this study is in agreement with the results
of Kamide and Fukushima (1972) and also consistent with the idea of intrusion
of the substorm intensified westward electrojet as introduced by Rostoker and
Kisabeth (1973). Wallis et a1. (1976) have found a close correlation between
the equatorward boundaries of eastward electrojet and diffuse aurora, which
Lui et a1. (1977) described as the optical image of the inner plasmasheet in
the polar ionosphere. Therefore we may relate the equatorward shift of the
sharp southern eastward electrojet boundary (see Fig. 6) to an earthward shift
of the inner edge of the plasmasheet with increasing activity, which also Winning-
ham et a1. (1975) found using Isis observations.

In order to relate the equivalent eastward current to the real ionospheric
currents, we have compared the ratio of maximum equivalent height-integrated
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eastward current density and maximum northward magnetic variation on the
ground with the results of Kamide and Brekke (1975), who compared ionospheric
east-west current densities observed by the Chatanika radar with H-variations
observed at College. We have found good agreement between our ratio (about
2.7-10‘3 Am‘lnT’l )and the ratio which they found for two cases when the
center of a slightly stronger current than ours was situated near the Chatanika
radar facility. Taking into account that Chatanika observations regularly give
a nearly pure northward directed field in the eastward electrojet region (e.g.,
Wedde et al., 1977; Horwitz et al., 1978) the above mentioned comparison seems
to indicate that our technique yields equivalent eastward ionospheric current
densities very near to the real eastward Hall-current density when applied to
the eastward electrojet. This is consistent with the results of Baumjohann et al.
(1978) who found by comparing ground-based magnetometer array data with
spatial radar observations that for the eastward electrojet ground-based magne-
tometers see mainly the effect of the Hall-current flow and magnetic effects
of field-aligned and Pedersen-currents cancel each other (Fukushima, 1976).

The large scale configuration of the field-aligned currents observed by us
around 1900 MLT is in good agreement with the TRIAD-observations of Iijima
and Potemra (1976; 1978) for the same MLT sector and the result of Rostoker
et al. (1975). These authors show that field-aligned currents flow downward
above both the southern half of the eastward electrojet and the northern half
of the westward electrojet region with upward flow in the middle between
these two regions. Our field-aligned current densities of about 10‘6 Am—2
are well in the range given by more direct measurements (e.g., Zmuda and
Armstrong, 1974; Sugiura and Potemra, 1976) and come very near to the values
given by Iijima and Potemra (1978) for their region 1 and 2 currents in this
local time sector for disturbed periods. The calculated width of the field-aligned
current region (about 1600 km) is greater than that given by Iijima and Potemra
(1978) for a substorm expansion phase (about 1000 km) but agrees well with
the results of Rostoker et a1. (1975).

A really new result found from our present analysis seems to be the small-
scale decrease in equivalent eastward ionospheric current density near its maxi-
mum. Structures like this have not been reported so far by other authors who
used ground-based magnetometer data to model the ionospheric current flow.
This is at least partly due to the method of analysis used by these authors,
since inverse modelling as used e.g. by Scrase (1967), Czechowsky (1971), and
Oldenburg (1976; 1978) needs a forward model of the current density distribution
with as few parameters as possible (mostly parabolic or triangular distributions)
or a rather smooth latitudinal function to obtain meaningful results.

The local decrease of about 0.1 Am“1 (Fig. 6) near the maximum eastward
ionospheric current density implies a pair of field-aligned currents of about
4- 10‘2 Am‘ 1 flowing upward in the equatorward and downward on the pole-
ward side of this small-scale structure. Since we have related the equivalent
eastward current to a Hall current driven by a pure northward convection
electric field, the small-scale field-aligned current pair must have a magneto-
spheric source. An ionospheric source would require a physically unreasonable
decrease in conductivity between the two field-aligned currents to explain the



|00000303||

Analysis of an Eastward Electrojet 295

decrease in eastward current flow (Bostrom, 1964) and also would yield sheet
currents of maximum 10‘2 Am‘1 only after Mallinckrodt and Carlson (1978)
for polarization electric fields of about 20 m’ 1 as given, e.g., by Beaujardiere
et al. (1977) for auroral acrs in the evening sector.

We have the strong feeling that the local current sheet pair may be related
to an auroral arc. Unfortunately no all-sky camera data was available to prove
this, but broad beam riometer recordings made at Tromso (Stauning and Chris-
tensen, 1977) show at least weak precipitation of 10—20 keV electrons in the
region of the small-scale structure around 1700 UT when the strongest local
sheet currents are observed. This precipitation of energetic electrons is often
related to discrete aurora (Wallis, 1976; Evans et al., 1977; Carlson and Kelley,
1977; Lui et al., 1977).

Additional evidence is given by relating our observations to the results of
other authors (already reviewed in the introduction to this paper) who observed
small-scale structures mostly related to auroral arcs in the eastward electrojet
region. The reader may easily see that their observations of structured electron
precipitation (Lui et al., 1977; Mende and Eather, 1976), local field-aligned
current sheet pairs (Armstrong et al., 1975; Casserly and Cloutier, 1975; Kamide
and Rostoker, 1977; Iijima and Potemra, 1978) and southward or strongly
decreased northward electric field in or near auroral arcs (Maynard et al., 1977;
Evans et al., 1977; Beaujardiere et al., 1977) fit reasonably well to our observa-
tions.

We have also compared our results qualitatively with the model of Sato
(1978) for quiet auroral arcs, who showed that for an ambient pure northward
electric field auroral arcs can develop due to a feedback instability in the coupled
ionosphere-magnetosphere system with a local upward current south and a
downward sheet current north of the arc, like in our case. He also predicts
an arc-associated westward flow of current which should be rather weak if
the electric field is only north-south directed, consistent with our observations.

Conclusions and Summary

In the present paper, for the case of an eastward electrojet, we have demonstrated
the usefulness of the method of upward continuation (towards the source) for
analyzing auroral zone groundbased magnetic observations. This method gives
in a rather direct way — as compared to modelling techniques ~ the density-
distribution of the at least equivalent height-integrated ionospheric current.
Furthermore, it seems to be capable to reveal rather clearly small-scale (down
to 200 km wavelength) structures within the larger scale current flow. Finally,
in the present case it allowed for a rather sharp definition of the southward
border of the eastward electrojet, this border possibly being related to the
inner edge of the magnetospheric plasma sheet.

For the special event which we investigated the more detailed main results
have been:

1. Between 1606 and 1702 UT only a two-dimensional analysis was possible
both the total value and the maximum density of the eastward flowing height-
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integrated equivalent ionospheric current increased by a factor of 5, namely
from 4- 104 to 2- 105 A, and from 0.1 to 0.5 Am‘ 1, respectively. The demarcation
line between the equivalent ionospheric eastward and westward currents re-
mained stationary over this time interval, whereas the well-defined southern
border of the eastward current moved towards the south with an average speed
of about 50 ms‘ 1, possibly indicating a corresponding movement of the inner
edge of the plasma sheet.

2. Under the assumption that the derived equivalent ionospheric current
was a pure Hall current, and that the ratio ZH/EP was equal to 2 all the
time and at all places, the maximum density of the downflowing field-aligned
current corresponding to the large-scale eastward electrojet above its southern
half was estimated to increase from 0.4 to 1.2 uAm‘2 over the time interval
mentioned. Simultaneously, the broad distribution of upflowing current adjacent
to the north showed maximum densities growing from 0.3 to 1.0 uAm‘Z.

3. A local decrease in eastward electrojet current density probably has been
found near its maximum. This implies a local pair (less than 100 km width
each) of down- and upflowing field-aligned current sheets with a maximum
current density of 08-1076 Am‘2 and 410’2 Am" 1, respectively, inside the
large-scale region of downflowing current. Evidence has been given that this
small-scale structure may possibly be related to a quiet auroral arc.
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Non-Linear Rheology and Return Flow in the Mantle

W. R. Jacoby1 and G. Ranalli2
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Feldbergstr. 47, D-6000 Frankfurt 1, Federal Republic of Germany
2 Department of Geology, Carleton University Ottawa, Canada

Abstract. A simple model of mantle return flow in response to litho-
spheric plate motions is developed. Such a model is realistic if the
buoyancy forces are concentrated in the plates. One-dimensionality is chosen
as a simplification to study effects of mantle rheology in as much isolation as
possible. Rheology is modelled as a combination of dislocation creep,
diffusion creep and fluid phase transport; parameters are those appropriate
for olivine. We have varied temperature, grain size, influence of partial melt,
diffusivity and activation energy, grain deformation versus grain boundary
sliding dominated creep, and surface plate velocity. A peculiar feature of
non-linear rheology is the existence of low-stress high-viscosity regions,
which, however, are of little dynamic importance because deformation there
is very small. The main results are (1) that the model does not predict an
excessive pressure gradient to be required by the return flow (which would be
evident in a rise of the sea floor and strong increase in free air gravity
anomalies toward the trenches); (2) that no excessive shear stresses at the
plate bottom are predicted (which might result in observable heat flow effects
and intra-plate seismicity and would require implausibly great driving forces
at the plate ends); (3) that the model predicts the return flow to extend into
the deeper mantle; this follows, however, from the simplifying assumption of
olivine rheology below 400 km depth and would then argue for rather high
temperatures, small grain sizes, possibly important fluid phase transport, and
small activation volume. Recent work on the variation of activation volume
with pressure and phase changes suggests a rather ‘soft’ lower mantle and
thus supports the notion of ‘deep’ return flow. In interpreting the results one
must, of course, keep in mind that the model is a purely mechanical one with
a predetermined temperature profile (varied within plausible limits) and
that the physics of the thermodynamic aspects of the flow problem is
ignored.

Key words: Rheology of earth’s mantle - Plate sections — Model of mantle
flow.
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Introduction

The present state of ignorance about plate dynamics requires model studies of
mantle flow. One problem is that of the return flow: if a rigid surface plate
moves in one direction the material below must flow back to conserve mass; in
this model the plate moves against resistance from the return flow and drives it.
The forces driving the plate, and the opposite model where the plate is carried
passively or driven against some other resistance by the deep mantle flow, are
not the subject of this paper.

In former studies (Schubert and Turcotte, 1972; Jacoby, 1978) depth-de-
pendent Newtonian Viscosity was assumed, but it is probably more realistic for
the polycrystalline mantle to have non-Newtonian rheology (Stocker and Ashby,
1973). In order to isolate the effects of different rheologies it seems sensible, as
done in the above studies, to model the problem in its simplest, i.e., one-
dimensional and steady-state form; all quantities vary only with depth and the
full circulation is ignored as though a ‘cell’ is infinite horizontally. The method
of solution for non-linear rheology is an iterative one using the direct linear
solution given by Jacoby (1978). Stresses and strain rates are found by successive
adjustments and as one of the results one obtains the effective viscosity as their
ratio. This viscosity is an integral part of the model and will not be appropriate
to situations where additional strains are superimposed.

As will be discussed below, the non-linear creep of mantle material is
strongly sensitive to temperature (among other parameters) so that shear heating
will influence the flow. We have chosen to ignore this thermo-dynamic aspect of
the problem in order to keep the model very simple; it is thus a purely
mechanical one with predetermined temperature-depth profiles, varied within
plausible limits. Schubert and Turcotte (1972), Froidevaux and Schubert (1975),
Schubert et a1. (1976), Froidevaux et a1. (1977), Schubert et a1. (1978), and Yuen
et a1. (1978) have treated the flow problem in a fuller way by including the shear
heating and thus solving for temperature beside the flow velocity. As mentioned
at the outset, the first of these papers assumed Newtonian Viscosity; the later
ones assumed non-linear dislocation creep but did not include diffusion creep
and fluid phase transport because these would presumably be of little influence.
In the simpler of their models the asthenosphere was assumed to be simply a
layer of shear (not return) flow; the most complex model (Schubert et al., 1978;
Yuen et al., 1978) additionally included partial return flow and vertical flow
from below in variable proportions, buoyant forces, and heat advection. This is
physically more complete than our model, but also more complex. Furthermore,
there is still the unknown distribution of additional heat sources (other than
dissipation) such that the complete thermodynamic solution of the flow problem
remains Open to ad hoc assumptions. We thus present our simple model as an
instructive exercise in the study of the effects of various rheologies on the mantle
return flow in a purely mechanical sense.

The method of solution and our assumptions, in particular those with
respect to rheology, will be presented first. Then the results will be presented
and discussed in terms of the geophysical constraints and consequences on
gravity, sea floor topography, heat flow, plate kinematics, and stress in the
lithosphere.



|00000309||

Non-Linear Rheology and Return Flow in the Mantle 301

Method of Solution

In the one-dimensional steady-state return flow model (Jacoby, 1978) all
quantities vary only with depth, 2, and the horizontal (x) flow is driven entirely
by the negative horizontal pressure (p) gradient balancing the resulting vertical
gradient of the horizontal shear stress (I)

öp at
5—5' (1)

Effects of the rising and falling flow and of sphericity are neglected; gravity has
no influence. The net transport through a vertical section is assumed to be zero.
The surface velocity is imposed on the model and the bottom is held fixed at an
arbitrary depth, for which we have usually chosen 2,000 km.

If the viscosity is Newtonian,

dumy; (2)
and Eq. (1) can be solved if Öp/Öx is an integrable function of z, e.g., Öp/Ös.
For stepwise constant ”(Z)=77.- for zi<z§zi+ 1:

I=Az+niBi and niBi:B (3)

B is the shear stress at the bottom of the surface plate. The flow velocity u
becomes

A 2 Bu=—i%nü+q. (o
77i 2 "i

Assuming continuous velocity and shear stress we can compute Ci. The solution
is linear in surface velocity ul.

ä, where ß is a PT-dependent

parameter and n is a constant PT—independent exponent. Integration gives:

If power law creep is assumed, 1":3

_jAz+BY+1I=Az+ß%/"Bi=Az+B; u—
Aß(n+l)

+ Ci. (5)

For large n the velocity-depth profile approaches the cornered one of ideal
plasticity. The problem is no longer linear in the surface velocity u,.

If diffusion and dislocation creep govern the effective viscosity, its stress
dependence 71(1) is such that no simple analytical solution can be found. A
convenient way to solve this non-linear problem is iteration of the linear
solutions by progressively adjusting the effective viscosities on the basis of the
stresses found in the previous steps. One starts with an arbitrary initial viscosity
710(2) and has found the correct viscosity when successive solutions no longer
differ significantly. In this scheme the initial assumption 110(2) may be important
for rapid convergence; we found it best to compute 110(2) with the assumed
stress-dependence 11(1) and an anticipated stress distribution 1(2)
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Convergence was tested by the squared stress change integrated over the
whole depth range and normalized with respect to the previous total stress
integral:

mA 2d(l T Z __AA22‚3‚/3+AAABzm+AB2 (6)2m 2
“

Azz‚%‚/3+ABZ‚„+B2
II dz
O

The convergence was sometimes very slow if the solutions oscillated between
two extremes: zero stress —> high Viscosity and, in turn, high stress —> very low
viscosity; once the solution approached the final one, convergence became
rapid.

Rheology of the Upper Mantle

The effective viscosity used in the above procedure is the ratio of stress and
strain rate and cannot be defined without discussion of the creep mechanisms.
Experimental results on rock deformation (Carter, 1976), observation of flow
textures in rocks of mantle origin (Nicolas, 1976), and theories of solid state
creep (Weertman, 1970), show that dislocation creep, which leads to a power-law
dependence of strain rate upon stress, is widespread, and may be predominant,
in the upper mantle. Glacio-isostatic data can be fitted by the assumption of
linear viscosity (Walcott, 1973) and equally well by a power-law model (Post
and Griggs, 1973). If a liquid phase is present, diffusional flow through the liquid
may become possible (Stocker and Ashby, 1973). Thus as a first approximation
there are three creep mechanisms of possible relevance to polycrystals under
upper mantle conditions: (i) diffusion creep, governed by the migration of
vacancies through the grains (Nabarro-Herring creep) or along grain boundaries
(Coble creep), which results in linear viscosity; (ii) dislocation creep, governed by
dislocation climb and glide, which results in power-law creep; and (iii) fluid
phase transport creep, when diffusion through the liquid (partial melt in the case
of the asthenosphere) becomes predominant: it also results in linear viscosity.
The results on strain rates and effective viscosities obtained by using the
rheological parameters of olivine apply to the upper mantle only, and if
extrapolated to the lower mantle must be treated with caution, since olivine goes
through a series of phase changes in the mesosphere.

The equations govering the three types of creep can be written down as
follows (Stocker and Ashby, 1973):

(31/2)n+
1

A
D/‚Lb

(0.)n
Dislocation creep: é:

2 kT ‚u

. . . Dew aD1ffus10n creep: 8:21 k Td2 (E) (8)

. D
Flu1d phase transport: é=21 k—gjzf (E) (9)
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where é=shear strain rate; a=shear stress;
D, De, Df=diffusion coefficients;
A, n=Dorn’s parameters; ,u=rigidity; b=Burgers’ vector; Q=atomic volume;
k=Boltzmann’s constant; T=absolute temperature; d=grain size.

The temperature and pressure dependence of the diffusion coefficient in
dislocation creep is

925V)D=DO exp (- (10)

where Q=activation energy; V=activation volume; p=pressure; and R=gas
constant. Activation energy and volume are those appropriate for lattice dif-
fusion.

In diffusion creep, the diffusion coefficient is given by

n Ö
De=DV+—d—DB (11)

where DV and DB are the diffusion coefficients for lattice and grain-boundary
diffusion, respectively; 6=grain-boundary width; and d=grain size. The PT-
dependence of DV is assumed identical to (10); so is the form of the PT-
dependence of DB, but with activation energy about 1/3 less than the activation
energy for lattice diffusion. The diffusion coefficient when fluid phase transport
is present is given by

DF=DV+Fd—5-D3+f.CL-DL (12)

where f=volume fraction of the liquid phase; CL=solubility of the diffusing
species in the liquid; and DL=kT/811LQ“3 is the diffusion coefficient in the
liquid (11 L is the liquid viscosity).

In Eqs. (7), (.8), and (9) the numerical constants are such that the invariant
form of the creep laws is satisfied; £1 and a must be interpreted as shear strain
rate and shear stress. If grain boundary sliding with diffusional accommodation
is predominant over grain shape changes, the strain rate increases approximately
sevenfold. This type of creep has been called ‘superplastic’ creep (Ashby and
Verrall, 1973).

We approximate the upper mantle as a pure olivine layer (F090_9 5). Table 1
lists the values of the rheological parameters adopted in this paper for dislo-
cation and diffusion creep.

In the case of fluid phase transport, the estimation of rheological parameters
is at least one order of magnitude less reliable than in solid phase creep. The
liquid fraction, on the basis of seismological evidence (Anderson and Sammis,
1970), is taken to be of the order of 0.01. The diffusion coefficient in the liquid
depends critically on the viscosity of the melt, and thus on the activation energy
for viscous flow:

kT ED =__, 2A (A) 13L
877L913

”L nexp
RT

( )
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Table 1. Rheological parameters for olivine

Parameter Value References

Dorn’s parameter A 0.7 [1]
Dorn’s parameter n 3.0 [1], [2], [4]
Burgers’ vector b 6.98- 10‘ 1° m [1], [3]
pre-exponential diffusivity D0 10“1 m2 s‘l [3]
activation energy Q 5.4- 105 J mol‘ 1 [1], [3]
activation volume V 1.1 - 10‘ 5 m3 mol‘1 [1], [2]
atomic volume Q 1.15 - 10‘ 29 m3 [1], [3]
grain size d 10‘4— 10‘2 m [5]
grain boundary width ö 1.4- 10‘ 9 m [1]

[1] Stocker and Ashby, 1973; [2] Kirby and Raleigh, 1973; [3] Twiss, 1976; [4] Carter, 1976; [5]
Nicolas, 1976 .

Experimental results (Murase and McBirney, 1973, Kushiro et a1., 1976) suggest
EnzZ- 105 J . mol’ 1 and Anz 10‘6 Pa - s. The resulting viscosities in the astheno-
sphere, however, would be too low by about two orders of magnitude. It
should be kept in mind that electroviscous effects may be important, by which
the apparent viscosity of a polar liquid in a very thin channel is much larger
than that of the bulk liquid. Furthermore grain boundary wetting may be
incomplete and not all liquid channels may be interconnected. Therefore DL
[Eqs. (12) and (13)] has been calculated by taking A„=10‘4 Pa-s, but in View of
the above effects, this is likely to give an upper limit for the influence of partial
melting and the influence on the long term rheology of the asthenosphere may
well be zero. Finally, the PT—dependence of the rigidity is taken as

1 a“
= 1 ———T—-T‚u Ho[

+Mo
ÖT( 0)+

1 Ö‚u

p; 502%)] (14)

where (Stocker and Ashby, 1973):

1 a„0:7.9-1010Pa; It—Ö—äz—lßö-10‘4K‘1(T;500K);
O

1 du__ _ _ _11 —1#0519 _2.2510 Pa .

This is probably accurate in the upper mantle, but there are discrepancies
with the seismically determined rigidity in the lower mantle.

Summarizing Eqs. (7) to (14) and taking into account that in the present

t H b1 ‘—1d“ 'treurn OWprO
emS—d‚WCWTIC

77:1/{C1 901(T, p) ‘ Tn_
1
+ C2 (p2(T,p)+ C3 903(Tapaf)} (15)
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with
n + 1

C1=3 2 ADob/N’o_l;

Q+pV) [
1 Öu 1 an

]"-1
= — kT 1 —— T—T —— —<01 6Xp( RT /{ +uoÖT( o)+floöp(p po)

for dislocation creep;

C2=ocDOQ/d2; cpz=exp(—Q+pV) [1+Qexp (9/3)]/kT (16)
RT d RT

for diffusion creep; and

oc E
CszäCLQZB/(Andz); (P3:f(z)'eXP(—E%)

for fluid phase transport; when the equations are written in terms of u, the
constant oc is 42 if grain shape change dominates and 294 if grain boundary
sliding dominates.

As in other studies (Stocker and Ashby, 1973; Kirby and Raleigh, 1973;
Carter, 1976; Twiss, 1976; Durham and Goetze, 1977; Ashby and Verrall, 1977)
the complex viscosity law (15) chosen is illustrated by ‘deformation maps’,
showing the stress-temperature fields at various pressures (depths) in which one
creep mechanism is predominant; a more detailed discussion is given elsewhere
(Ranalli, 1978). The results are presented as a function of temperature; it is then
possible to choose the temperature range appropriate for given depths and
regions. (Alternatively, deformation maps may be computed as function of
depth). Five examples are shown in Fig. la—e). The parameters assumed in each
case are shown on the diagram. Curves of constant strain rates have been
computed for ä from 10‘16 to 10‘11 s‘ 1, which should encompass most
situations of geodynamic significance. Curves of constant effective viscosity have
been computed for 1121016, 1018,1026 poise (10 poise=1Pa-s).

Figures 1a and b depict the situation within the lithosphere. Effective viscosi-
ties are larger than 1024 poise for realistic T and a. It is interesting to note that
at lower temperatures linear creep appears to be predominant: purely diffusive
flow is sometimes termed ‘presseure solution’ by geologists, and direct obser-
vation of metamorphic rocks shows textures attributable to it (Elliott, 1973).
Diffusion-type flow at lower temperatures is also greatly enhanced by the
presence of water (Rutter, 1976). Figures lc and d illustrate a possible situation
in the asthenosphere. For grain sizes of 0.1 cm and about 1% partial melt, the
asthenosphere behaves linearly at stresses of a few bars or less; dislocation creep
is still predominant at higher stresses. If the grain size is larger and the melt
fraction smaller, dislocation creep is predominant at all stresses above a few
tenths of a bar. Strain rates and effective viscosities are as inferred from tectonic
and glacio-isostatic processes. Figure 1c shows the conditions prevailing below
the asthenosphere. The main result is that, below the asthenosphere, dislocation
creep is predominant at all stresses above a few tenths of a bar.
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p = ISO lib (z = E’iEICJI-tm}l «=2! (diffusion creep) ; grain size 0.! cm

10—3 “ 4000
DISLOCATION CREEP

10““

—5_J 10
‚7;

10‘5

-71 GRAIN BOUNDARY NAEIARRO-HERFSENG 0.110 icoeLEicaI-c 2- CREEP 2°

10"8
e

i . . r . r . \‘x x 0.01

i500 1600 1800 2000 2200 2400
T(°K)

Fig. la—e. Deformation maps: thick continuous lines: deformation field boundaries; thin continuous
lines: effective viscosities (as powers of ten); dashed lines: strain rates (also as powers of ten). a for z
=35km, d=lcm; b z=35 km. d=0,010m; c z=160km, d=0.1cm, and 1‘}; partial melting {the
dotted lines represent the extensions of dislocation diffusion fields if fluid phase transport were
absent); d z: 160 km, d: 1 cm, partial melting 0.1 33; e 2: 390 km, d=0.1 cm
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In summary, the effective viscosity law we assume has the following main
features. In the absence of partial melting, dislocation creep is predominant at
high stresses and diffusion creep at small stresses. Superplasticity increases the
temperature-dependent transition stress by a factor less than three. An increase
in grain size by one order of magnitude decreases the transition stress by
approximately the same amount. Within the diffusion creep field an increase in
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grain size favours Nabarro-Herring over Coble creep; the latter is predominant
at lower temperatures. Pressure has no effect over field boundaries, if the
pressure-dependence of the various diffusion coefficients is the same; we take
this as a simplifying assumption. If a liquid phase with complete grain-boundary
wetting is present, fluid phase transport is always predominant over diffusion creep
within the linear field; if, however, electroviscous phenomena were more impor-
tant in the asthenosphere than assumed here, it may have no relevance at all for
mantle rheology (naturally excluding situations in which the melt fraction is
much larger than 0.01). Fluid phase transport raises the transition stress between
non—linear and linear creep, but at high stresses dislocation creep is always
predominant.

As Fig.1 demonstrates temperature is one of the most critical parameters;
the return flow profiles will depend very strongly on the geotherms chosen.
Since temperature in the earth is poorly known we have assumed a whole range
of geotherms, shown in Figure 2. The upper mantle temperatures are constrained
by geophysical and geological observations (Solomon, 1976), but the range of
possible lower mantle temperatures is wide. It is often assumed that, because of
steady-state convection, the temperature in the deeper mantle is slightly super-
adiabatic; the adiabatic gradient is given by gocT/cs.3—0.6 K/km (gravity
gz 10 m/sz; thermal volume expansion ocz 1 —2- 10‘5 K‘ 1; heat capacity
cpz800 J/kg- K; absolute temperature Tz 2000 K); for the Rayleigh number to
be at least critical (Rack/2,000), only a very small quantity has to be added:
(Rae . K v)/(oc g d4)z10‘ 2 K/km (thermal diffusivity K z 1.5- 10‘ 4 mz/s, kinematic
viscosity vz 1017 mz/s, depth of convecting layer dz2‚000 km). The assumption
of internal convection, superimposed on the return flow, is however, self-
defeating for our model with non-linear rheology, since the additional strains
will alter the effective viscosity. The one-dimensional return flow model clearly
cannot simulate realistic mantle flow; what we want to do is to investigate how
a mantle of ‘realistic’ rheology reacts to such a simple model. The geotherms
assumed in each of the models presented below are given on the diagrams.

Non-Linear Return Flow Models: Results

We shall first discuss the influence of temperature on the return flow by
assuming a set ofgeotherms within the range of Fig. 2. Other parameters also varied
within plausible limits will be discussed subsequently; these involve the pre-
exponential diffusivity DO and the activation energy Q; the constant at for grain
deformation and grain boundary sliding dominated creep, and the influence of
partial melt. All models were computed for three grain sizes d = 1, 3, 10mm and
three surface plate velocities ul=1, 3, 10 cm/a. The power of the dislocation
creep term has always been assumed n = 3. The results are presented in the form
of depth profiles (Fig. 3—6) of horizontal flow velocity u(z) and effective viscosity
11(2) together with the assumed geotherms T(z). Other important parameters
assumed fixed are shown on the lower lefthand side of the diagrams. Also given,
at the bottom, are the computed pressure gradient A or its equivalent gravity
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gradient in mgal/10,000 km and the shear stress B at the bottom of the model
surface plate.

Figure3 compares five geotherms with lower-mantle gradients of 0.5, 0.6,
0.75, 0.9, and 1 K/km; surface velocity is 3 cm/a, grain sizes are 1, 3, and 10mm.
As the temperature gradient is raised, the effective viscosities and stresses
generally become smaller and the return flow occurs at greater depth (260 to
540 km) and broadens (with decreasing amplitude). In no model is the return
flow concentrated in the asthenosphere of minimum viscosity (2-1019Pa-s
between 150 and 250km depth in all models). In all model situations the
viscosity minimum is caused by the dominance of temperature over pressure
and dislocation creep is more important than diffusion creep. Below the astheno-
sphere lies a region of maximum return flow and small stresses; diffusion creep
dominates below a few tenths of a bar. For small grain sizes ($1 mm) viscosity
remains nearly constant at <1021 Pa-s over several hundred kilometers in all
models (over 500 km for u,=1cm/a and dT/dz=1K/km). For grain sizes
d>1 mm (see e.g., d = 10mm in Fig. 3) viscosity rises to a maximum in the shear-
free fiber but the width of the zone of dominant superplastic diffusion creep (i.e.,
maximum diffusion creep in the absence of melt) narrows as grain size and
surface velocity increase; and the maximum viscosity grows as d2. Although effec-
tive viscosity is so different, the return flow profiles u(z) are hardly affected by grain
size, except for slight squaring for large d. At greater depths dislocation creep
takes over again and in all models with large (small) grain size the effective
viscosity goes to a second minimum (remains rather constant) near 1021Pa~s
before pressure makes it rise. Deeper down, this rise is nearly linear with depth
for log viscosity; its magnitude is strongly dependent on the temperature
gradient leading to many orders of magnitude viscosity difference at 2,000 km
(~1029 Pa-s for 0.5 K/km versus ~10” Pa-s for 1K/km). Accordingly, the
depth extent of the return flow varies from model to model by a factor of 2. This
result is hardly affected by difference in stress level for different surface velo-
cities. The peculiar feature of two low viscosity channels may be typical of non-
linear flow where temperature and stress are important at different depths.

If the viscosity-temperature relationship found for the deeper mantle appears
unrealistic and lower viscosities are to be obtained with the low temperature
gradients (e.g., 0.5 K/km), it should be noted that olivine parameters are not
appropriate for the deep mantle. The simplest escape from the dilemma would
be an activation volume decreasing with depth (e.g., about 300/0 at 2,000 km).
This is indeed likely (O’Connell, 1977; Sammis et al., 1978).

Shear stress B (Fig. 3, bottom) at the plate bottom varies approximately as
the inverse of the lower-mantle temperature gradient. Its depth variation is
linear (for 0.5 K/km from +7 to —50 bar at 2,000 km; for 1K/km from +3 to
—8 bar; surface velocity u, =3 cm/a and all grain sizes considered). Thus even in
the most unfavorable case of very high viscosities in the lower mantle the
stresses are not excessive. The horizontal pressure gradient A inherent in the
return flow model can be roughly transformed into a gravity gradient in the
direction of motion across a moving plate (Schubert and Turcotte, 1972; Jacoby,
1978). The computed results are given on Fig. 3, bottom (A —>A g) in
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mgal/10,000 km and should be compared to the crude figure of
30 mgal/10,000 km across the Pacific plate, found by Woollard (1975). By this
criterion nearly all models fail; only the model with a temperature gradient of
lK/km gives acceptable gravity gradients of 15, 23, and 34 mgal/10,000 km for
surface velocities of 1, 3, and 10 cm/a, respectively. These results are insensitive
to grain size. The deep-mantle Viscosities of the other models are too large for
the return flow model to work. As discussed above, these models would,
however, also work if activation volume decreases with depth.

It would be interesting to compare ‘ oceanic ’ and ‘ continental’ geotherms. An
illustration of the effects is given in Fig. 4. We have assumed two geotherms differ-
ing by 250K at 150 km depth; the difference decreases linearly to zero at 50 and
1,000 km. Such a choice may be more in line with Jordan’s (1975) arguments for
considerable temperature differences to great depths, than with Solomon (1976)
and Duschenes and Solomon (1977). If the difference between oceanic and
continental geotherms disappears at shallower depths than in our models the
effects will be smaller than discussed here. The two models differ clearly in the
depth of the return flow and in the effective Viscosities at depths shallower than
1,000km. At ‘asthenospheric’ levels the viscosity difference is more than an
order of magnitude. For large grain sizes the effective Viscosities near the
maximum return flow are always relatively large. Below 1,000 km depth the
‘oceanic’ Viscosities are slightly greater than the ‘continental’ ones because of
the smaller stresses if the same plate velocity is assumed. But a 10 cm/a oceanic
plate leads to the same effective viscosity as a 1 cm/a continental one. While the
‘oceanic’ stresses near the surface are only a few bars, and depend slightly on
grain size, ‘continental’ stresses are between 4 and 10b for 1 to 10 cm/a surface
velocity independent from grain size. The gravity gradients computed are
smaller than 30 mgal/10,000 km for all ‘oceanic’ models but exceed this value for
the 10 cm/a ‘continental’ one.

Fig. 3. Effect of temperature (T) gradient in lower mantle on return flow (u) and effective viscosity
(n); thick curves for grain size d=1 mm, thin lines for d= 10mm. Other parameters as listed; GBS:
indicates grain boundary sliding diffusion creep; ST10 etc: indicate that the small pre-exponential
diffusivity D0 of Tablel has been used together with geotherm no. T10, etc. For discussion,
particularly of results A, B (bottom), see text

Fig. 4. Effect of continental versus oceanic geotherm (T) on return flow (u) and effective viscosity (7/),
Bands marked by dots (oceanic) and by short lines (continental) indicate whole range of solutions
for varying grain size d =1 to 10mm and lithospheric velocity u, =1 to 10 cm/a. Other parameters as
listed. GBS, S T6, S T7: see caption of Fig. 3

Fig. 5. Effect of lithospheric velocity u, (1, 3, 10 cm/a) on return flow (u) and effective viscosity (n) for
given geotherm (T), grain size d=1 to 10mm (dotted band of solutions), negligible melt influence
and power n=3 of power law; ST10, GBS: see caption of Fig. 3

Fig. 6. Effect of melt (M) on return flow (u) and viscosity (7,); geotherm (T), lithospheric velocity L1,,
grain size d, and power assumed as shown. For discussion of parameter as well as of results see text.
GBS, ST10: see caption of Fig. 3
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The influence of surface velocity u, is illustrated by Fig.5. Where dislo-
cation creep is dominant the logarithmic viscosity-depth profiles are simply
shifted, i.e., the viscosities are decreased by a constant factor, if the surface
velocity is increased (1/6 or 1/7 for 10-fold increase of u,) because the stresses are
increased (by a factor of 2 or 3). Where diffusion creep dominates (for small
grain sizes near the return flow maximum) the effective viscosities become nearly
independent from u, (but grow with grainsize d squared). The influence of plate
velocity on the shape of the return flow profiles is hardly noticeable, but the
pressure (A) and gravity (Ag) gradients increase [by a factor of (only) 2 for u,
changing from 1 to 10 cm/a].

The effect of grain size has already been discussed in connection with Figs. 3—
5. Viscosity is affected only where the stress level is a fraction of a bar. The other
parameters as the flow profile, shear stress, and pressure gradient are only slightly
affected in our models. Grain sizes would have to be one or two orders of
magnitude smaller than 1mm for diffusion creep to become dominant every-
where and to affect the whole model results.

So far diffusional superplasticity (grain boundary sliding accommodated
diffusion creep) was assumed. Had we assumed grain deformation dominated
Nabarro-Herring and Coble creep, the influence of diffusion creep on the total
deformation would be even smaller than found. The results would hardly
change. In a test computation none of the quantities computed changed by more
than 10% , except in the case with the smallest stresses (u, =1 cm/a, d =1 mm and
‘hot oceanic’ mantle) where superplasticity leads to nearly 50% reduction of
stresses and pressure gradient over Nabarro-Herring and Coble creep.

An attempt to estimate the influence of partial melting in the asthenosphere
is presented in Fig. 6. It is widely believed that incipient melting occurs there if a
fraction of one precent of H20 is present, because temperature probably exceeds
the wet solidus of peridotite (e.g., Solomon, 1976). For some of the geotherms
discussed above, we have computed models with a melt fraction f(z) of 1% at
100 km depth decreasing to zero at 250 km; we have assumed the poorly known
ratio CL/An (determining the importance of fluid phase transport in Eqs. (12),
(13), and (16) to take on the values 0 (no importance), 1, 10, 102, 103 (preferred
value, see above), 104, and 105 (Pa-s)“1 (value expected from bulk Viscosity of
basic melts).

The computed flow profile u(z) and viscosity 11(2) are presented in Fig.6
for the geotherm, surface velocity, and grain size as indicated. As expected, the
presence of melt in the asthenosphere 'by lowering its effective Viscosity faci—
litates the return flow by requiring a lower pressure gradient. If, however,
CL/Angl (Pa-s)‘ 1, 1°/0 of melt has no noticable effect. From CL/Anzl to 100,
1,000, 10,000 (Pa-s)‘ 1 the effective viscosity in the layer with about 1% melt
is decreased by 1,2, 3, orders of magnitude, the stresses are lowered, and the
return flow maximum is shifted upward into the layer with melt. It becomes
the channel of dominant return flow for CL/A‚7 between 100 and 1,000 (Pa-s)—1
and carries the total return flow for CL/An_2_10,000 (Pa-s)”. Because of the
stress reduction the effective viscosity rises in the lower mantle until linear diffu-
sion creep dominates at all depths. The gravity gradients drop from
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Fig. 7. Influence of 1‘}?l melt on pressure gradient shown by equivalent gravity gradient of return
flow as a function of fluid phase transport parameter CL/A,’(Kabscissa), surface plate velocity iiI
( parameter shown on fefthand side), and grain size ( parameter shown by circled numbers at each
curve). The upper turning region of each curve marks the beginning of melt influence; the lower
turning region marks that of total dominance of flow system by melt in asthenosphere

38 mgal/10,000km (no melt) to essentially zero. The values of CL/An where the
effects of fluid phase transport first become noticeable and where the return flow
becomes confined to the channel depend on grain size, and, to a minor degree,
on plate velocity and temperature. This is illustrated in Fig.7 by the gravity
gradients Ag/10,000 km for all models computed with the same geotherm as that
of Fig.6, but varying u, and d. The individual Ag-curves are asymptotic to the
value appropriate to no melt for small CL/An, then turn down to turn again
approaching zero asymptotically for large CL/A,,. The two turning regions
indicate the beginning of melt effects and the beginning of their total dominance.
Beyond viscosity continues to decrease in the channel but the return flow
profile18 no longer affected The turning regions’ of CL/A are preportional to
d2 for constant u; and they increase as u! for large d but are hardly affected by “x
for small d. It turns out that the preferred CL/A" value of 103 (Pa 3) 1 liesin the
region of important but not total melt influence. It depends on too many factors
for an evaluation to be possible at present, but since our model probably gives
an upper limit, we feel safe to suggest that a dominant influence of 1% melt on
the return flow is unlikely but that it could be of some importance for small
grain sizes and plate velocities.

Finally we want to discuss whether or not the uncertainty of diffusivity D0
and activation energy Q is critical to our model. We computed a number of
models with both the values given in Table 1 and the ones given by Stocker and
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Ashby (1973): D0: 120 mZ/s and Q=6.4- 105 Jmol‘ 1; both pairs of values
reasonably fit the laboratory data. In the majority of computations the Stocker
and Ashby values lead to smaller stresses and pressure gradients; the difference
was, however, not very significant; only for high temperature, small plate
velocity and small grain size, i.e., for small stresses was the relative change by a
factor of 1/5 or so.

Discussion

Although we cannot simulate realistic mantle flow with the one-dimensional
model, we have been able to study the influence of rheological parameters of
olivine, grain size, melt fraction, temperature, stress, and plate velocity. The
results are more directly applicable to large plates than to small ones; but if the
model works with an infinite plate it is likely to work with a finite one too (see
Davies, 1977a and b).

In an earlier study of the return flow model (Jacoby, 1978) it had been shown
that the model is not in conflict with geophysical observations as gravity, sea
floor topography, heat flow, and lithospheric stress, if plausible mantle visco-
sities are assumed which are based on glacio-isostatic rebound data (e.g.
Walcott, 1973; Post and Griggs, 1973; Brennen, 1974; Peltier, 1974; Cathles,
1975; Peltier and Andrews, 1976; Peltier et al., 1978). Another result had been
that the return flow may well extend to great depths in the mantle (Jacoby,
1978; see also Davies, 1977 a and b).

The main conclusions of the present study largely agree with those of the
earler one. If non-linear olivine rheology is assumed the return flow model
works equally and the return flow is likely to extend to depths well below the
asthenosphere. In other words, olivine rheology in connection with plausible
assumptions on temperature and grain size leads to similar effective Viscosities
in the return flow model as those found from glacial rebound (similar strain
rates). This is opposite to what was found for exclusive diffusion creep rheology
by Schubert and Turcotte (1972) who thence suggested that dislocation creep
ougth to be considered. The suggestion is borne out by the present models in
which dislocation creep was generally dominant over diffusion creep, and also
by the models of Froidevaux and Schubert (1975), Schubert et al. (1976),
Froidevaux et a1. (1977), Schubert et al. (1978), and Yuen et a1. (1978), who
assumed only dislocation creep of olivine. An interesting result of the two last
papers mentioned was that under many circumstances the pressure gradient of
the return flow is rather constant with depth; we mention in passing that this is
an a posteriori justification for our arbitrary choice of this asssumption.

Results obtained for the deep mantle must be regarded with special caution
since the rheological parameters of olivine assumed are not likely to be correct
there. If they are correct, our model results favour a high temperature gradient
(order lK/km), very small grain size (<O.1 mm), and/or important fluid phase
transport in the asthenosphere. Alternatively a decrease of the activation volume
(describing the pressure influence on the creep) with depth is suggested; this is
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supported by the work of O’Connell (1977) and Sammis et al. (1977). Some of
their estimates give such a strong decrease of the activation volume that
temperature gradients as low as 0.3 K/km would still lead to acceptably low
viscosities (and plausible return flow solutions). If these estimates are correct,
our model results lead us to speculate that the return flow may extend deep into
the lower mantle with the asthenosphere being essentially a “decoupling” layer
of shear flow, in line with Davies’ (1977a) conclusions.

Some of the particular features of non-Newtonian rheology deserve a little
more discussion. One obvious effect is that stresses and pressure gradients are
not linear with plate velocity. If grain size is greater than 1mm we can expect
these quantities to grow by a factor of only 2 to 3 when plate velocity increases
from 1 to 10 cm/a. Gravity gradients and lithospheric stress should thus not
strongly depend on plate velocity. Shear heating, not included in our model,
would weaken this dependency further. The model implies stresses of the order
of a few hundred bars in the lithosphere, because the surface plate must be
driven from its ends (ridge, trench) to balance and maintain the shear stress B at
its bottom; an oceanic plate 100 km thick and 10,000 km long would suffer a
maximum (compressive or tensile) stress of 10GB and B was usually of the
order of a few bars. The shear stress under continental plates is greater than
under oceanic ones, if our assumptions concerning the geotherms are not grossly
wrong. Considering the uncertainties, we estimate the difference to be roughly
by a factor three. The maximum (compressive or tensile) stress for a continental
plate 3,000 km long would thus be of the same order of magnitude as that in an
oceanic plate 10,000 km long.

Regions of low-stress high viscosity are characteristic of non-linear viscosity.
The important point is that this is dynamically irrelevant. In the low-stress
regions there is so little deformation that further reduction because of non-
linearity makes little difference in the flow distribution. In large regions with
intermediate stress the effective viscosity does not vary very much; the assump-
tion of Newtonion viscosity will thus not lead to gross errors. In small regions,
however, of high stress, e.g., in descending slabs, non-Newtonian rheology may
be critical to the solutions (Schmeling and Jacoby, in preparation). Super-
position of additional strains (not considered in our model) will generally tend
to ‘soften’ the mantle.

The major unknowns in modelling mantle dynamics are temperature, grain
size, activation volume, and the physics of fluid phase transport. The return flow
is facilitated by high temperature, small grain size, small activation volume, and
fluid phase transport, or a combination of these. Jumps in activation energy and
activation volume may be important too; they should be taken into account in
future models.
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Crustal and Upper Mantle Structure Beneath
the Apennines Region as Inferred From the Study
of Rayleigh Waves *

G. Calcagnile and G.F. Panza
Istituto di Geodesia e Geofisica, Universita di Bari, I-70100 Bari, Italy

Abstract. Rayleigh wave phase velocities were obtained in the period range
12.5—83.3 s using the almost linear array of long period seismic stations
installed at Bari (BAI), Grosseto (GSO), Bologna (BOL) and Torino (TNO).

The Hedgehog inversion gives a crustal thickness in the range 25—37 km.
The presence of a low-velocity layer in the crust is allowed, while low-

velocity material within a few kilometers of the Moho is required. The
shear-wave velocities below 60 km are rather higher than usual channel
values. If crustal thicknesses of the order of 37 km are rejected as suggested
by other geophysical data then the low-velocity layer in the crust is required
in order to satisfy the observed dispersion relation.

Key words: Rayleigh waves — Crust — Upper mantle — Italy.

Introduction

Among other benefits to be derived from such investigations, the study of
the upper mantle structure under Italy and the regions adjoining it is important
for deriving an understanding of the stress history of interactions at the boundary
between the European and African plates. But more interesting in this investiga-
tion is the study of crustal properties, in view of the possibility to determine
the distribution versus depth of S-wave velocity, which gives information about
the presence or not of partial melting in crustal layers. The detection of extended
areas with soft crustal layers is indeed relevant for the understanding of the
crustal deformation, mainly in mountaineous regions. These informations cannot
be obtained from the study of body waves because of the non-uniqueness in
the inversion to models with a low-velocity zone unless travel-times for reflected
waves or for those of a deep seismic source are available (Gerver and Markuse—
vitch, 1966).

* Publ. No 104 of RF. Geodinamica-CNR-Roma
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Further interest for such research is represented by the relevant differences
in the models of the Apennines region constructed up to now. Caloi (1957,
1958), using earthquake travel-times, has indicated that the North-Central Apen-
nines have a crustal thickness of about 45 km. Close to this result is the value
found by Caputo et a1. (1976) using surface waves at periods larger than 23 s
and an oversimplified crustal model. Much to the south, Colombi et a1. (1973)
have found a crustal thickness of the order of 35 to 45 km under the westernmost
part of the Apennines, thinning to the east, by refraction methods. Based on
sketchy information, Giese and Morelli (1973, 1975) have attributed a crustal
thickness to this region of 25 to 30 km. More recently Nolet et al. (1978) have
found a crustal thickness of 35 km, essentially based on single station group
velocity data and over paths east of the area sampled by our data. The consider-
ation of the geological frame (e.g. Elter et al., 1975) makes the difference in
location of the aforementioned profiles significant, thus we don’t feel confident
in combining these two data sets to reduce the possible range of solutions
in the inversion process.

Data

The results reported here are obtained from the processing of seismograms
recorded for an earthquake which occurred on April 4, 1975, at 38.1 N, 22.0 E,
origin time 05: 16: 16.2, Mb :54, focal depth=53 km.

We have used recordings of fundamental mode Rayleigh waves made on
the vertical component long-period seismographs (WWSSN equivalent) installed
at Bari (BAI), Bologna (BOL), Grosseto (GSO) and Torino (TNO) (Fig. 1)
as part of the Italian Long Period Seismographic Network. The station coordi-
nates are given in Table 1, as well as the ones for Aquila (AQU).

The records were analyzed by a standard time-windowing and frequency-
filtering technique (e.g. Pilant and Knopoff, 1964; Biswas and Knopoff, 1974;
Panza, 1976).

The station spacing is too short to provide any possible resolution of the
structure underneath any subregion spanned by a station pair. The overall
span of the array means that the data for all four stations are best used in
a joint array-processing analysis. This means that we shall only be able to deter-
mine the ‘average’ dispersion characteristics for the entire region and hence,
after inversion, obtain an ‘average’ structural cross-section for the entire region.

To calculate the ‘average’ phase velocity without bias toward the phase data
for any particular subset of stations we fit a phase versus distance diagram
at a given period by a linear regression. Examples of these plots are given
for two periods in Fig. 2. The phase slownesses are the slopes of the phase-
distance curves. The results are given in Table 2 for selected multiples of the
folding frequency.

Figure 3 gives a comparison of the data with dispersion values available
for Italy (Caputo et al., 1976; Calcagnile etal., 1979). Significant differences
can be observed at periods larger than 50 s, reasonably reflecting the presence
of large lateral variations also in the upper mantle in the Italian region.
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Table 1. Seismic stations L’Aquila (AQU)
Bari (BAI)
Bologna (BOL)
Grosseto (GSO)

42°21’14.0”N
40° 52’ 40.0”N
44°29’ 12.0”N
42°45’ 08. 1 ”N

Torino (TNO) 45°03’ 31.5”N

13°24’11.0”E
17° 12’ 13.0”E
11° 19’ 44.4”E
11°06’ 58.6”E
07°41’49.0”E

Table 2. Phase velocities used in the inversion Period Phase velocity Error 8
(S) (km/S) (km/S)

83.3 4.03 0.07
62.5 4.00 0.05
50.0 3.91 0.05
41.7 3.81 0.05
31.3 3.64 0.05
25.0 3.51 0.05
17.9 3.11 0.05
12.5 2.84 0.07
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Dispersion values analogous to those given in this paper have been obtained
by Biswas and Knopoff (1974) in the Colorado plateau region.

Inversion

As indicated, the small spacing between stations prevents us from dividing
the span of the array into smaller regions. Accordingly, to invert the dispersion
results, we assume that a homogeneous horizontally layered structure underlies
the region from Bari to Torino. The assumption of a layered model does
not imply a commitment on our part to the presence of sharp discontinuities
in properties; they simply point toward a rapid change in the gradient of elastic
parameters. The inversion method applied is the well-known Hedgehog proce-
dure. In the inversion, if the difference between computed and observed phase
velocities exceeded the limit i8 (see Table 2) at any individual period, the
model was rejected. Models which pass these tests were further tested to deter-
mine whether the root-mean-square (rms) deviation 0 was appropriately small.
All models with a§0.03 km/s were finally accepted. These estimates of error
are suggested by the scatter of the data in the phase versus distance diagrams.

The cross-section used in the inversion is listed in Table 3. Six model parame-
ters were allowed to vary, namely the thickness of the middle and lower crustal
layers and their shear-wave velocity, the thickness and the shear-wave velocity
of the lid. Furthermore we tested five values for the upper asthenosphere shear

Table 3. Cross-section Layer ß 0‘ p
used in the inversion thickness (km/s) (km/s) (km/s)

(km)

5.0 1.90 3.50 2.00 sediments
10.0 3.10 5.50 2.50 upper crust
P4 P1 6.10 2.75 middle crust
P4 P2 6.90 3.00 lower crust
P5 P3 8.10 3.45 lid
303-2-P4—P5 P6 8.20 3.50 upper

asthenosphere
oo 4.85 8.60 3.65

Confidence limits 0:0.03 km/s, single point rejection if |Ac| >8
(see Table 2)

Parameter Range Starting value Grid variable
and step xn

Pl (km/s) 2.7 (0.2) 3.9 3.5 —4 —:—+2
P2 (km/s) 3.1 (0.2) 4.1 3.9 —4 + +1
P3 (km/s) 4.2 (0.1) 4.8 4.3 —l -:— +5
P4(km) 5(2) 15 9 —2++3
P5 (km) 15 (20) 75 35 —l -:- +2
P6 (km/s) 4.3 (0.1) 4.7 4.4 — 1 + +3
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Table4
Solution Middle crust Lower crust Lid r.m.s.
number (P1 /P4) (P6/P4) (P3 /P5) a

(a) Upper asthenosphere P6 =4.50 km/s

1 3.3/11 3.9/11 4.3/35 0.028
2 3.5/11 3.7/11 4.3/35 0.023
3 3.3/9 3.7/9 4.2/35 0.024
4 3.3/9 3.7/9 4.3/55 0.026
5 3.3/11 3.9/11 4.3/55 0.029
6 3.5/11 3.7/11 4.3/55 0.027
7 3.3/11 4.1/11 4.2/35 0.023
8 3.3/11 4.1/11 4.3/55 0.027
9 3.5/11 3.7/11 4.4/55 0.026

10 3.5/13 4.1/13 4.3/35 0.023
11 3.5/13 3.9/13 4.4/35 0.025
12 3.5/13 3.9/13 4.3/55 0.029
13 3.5/13 4.1/13 4.2/35 0.029
14 35/13 3.9/13 4.4/55 0.022
15 35/13 4.1/13 4.2/15 0.030
16 3.5/9 3.5/9 4.2/35 0.022
17 3.5/9 3.5/9 4.3/55 0.023
18 3.3/9 3.5/9 4.3/55 0.028
19 3.5/11 3.7/11 4.4/75 0.024
20 3.5/13 3.9/13 4.4/75 0.024
21 3.5/15 4.1/15 4.4/15 0.027
22 3.5/15 4.1/15 4.5/35 0.028
23 3.5/15 4.1/15 4.5/15 0.030
24 3.5/15 4.1 /15 4.5/55 0.028
25 3.5/15 4.1 /15 4.5/75 0.028
26 3.5/9 3.3/9 4.3/35 0.028
27 3.7/9 3.3/9 43/55 0.027
28 3.3/7 3.3/7 4.2/55 0.027
29 3.5/7 3.1/7 4.2/35 0.026
30 3.7/9 3.1 /9 4.4/55 0.027
31 3.5/7 3.1 /7 4.2/55 0.027
32 3.7/9 3.1 /9 4.4/75 0.024
33 3.5/7 3.1 /7 4.3/75 0.028

(b) Upper asthenosphere P6 =4.60 km/s
3.3/9 3.7/9 4.3/75 0.030
3.5/9 3.5/9 4.3/75 0.028
3.3/11 4.1 /11 4.4/75 0.030
3.5/13 4.1/13 4.5/55 0.030
3.5/13 3.9/13 4.5/75 0.028

(c) Upper asthenosphere P6=4.40 km/s
3.5/15 4.1/15 4.5/75 0.030

velocity obtaining solutions indicating its range of variability. The allowed range
of variation for these parameters are given in the lower part of Table 3.

The constant values in the crustal model are suggested by results of D88
and indirectly relevant gravity data (e.g., Giese and Morelli, 1975). Small differ-
ences from the constant values in density and P—wave velocity are not expected
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to have a significant influence on the result of the inversion presented in Table 4.
Reasonable changes in the first 15 km of the crust do not affect significantly
the inversion result. This is not a surprising result if variational parameters
in this layer and the error allowed at short periods are considered. Thirty-three
successful solutions x" were obtained, values of x„ are listed as well as the
values of the rms deviation between the model curve and the observations
over the eight selected periods. The test on the upper asthenosphere shear
velocity indicates that its range is limited to values in the range 4446 km/s.

Owing to the period range we are dealing with our major concern is the
estimate of average crustal properties. It must be mentioned here that, since
from the record of station TNO it has been possible to obtain reliable phases
only for periods larger than 25 s, the crustal models we will describe are mostly
proper for the area covered by the tripartite array BAI—BOL-GSO, to which
an average Moho depth less than about 31 km might be assigned according
to independent geophysical results (e.g., Giese and Morelli, 1975). Our data
are consistent with a crustal thickness in the range 28—37 km. A ‘crustal’
thickness up to 45 km is compatible with the data but since average Moho
depths of 41—45 km are not realistic according to the geophysical results in
the area and since the larger crustal thickness requires shear wave velocities
for the lower crust which seem too high (3.9—4.1 km/s) we think that solutions
n. 10-11—12—13-14-15-20, having an apparent crustal thickness of 41 km, actually
correspond to models with total crustal thickness equal to 28 km, and solutions
n. 21-22-23-24-25, with apparent crustal thickness of 45 km, give models with
a crust of 30 km. Namely they indicate actually the presence of a transition
zone rather than an abrupt jump in velocity to the underlying ‘soft’ mantle
with a shear-wave velocity in the range 4.2—4.5 km/s. These crusts overlie mantle
material characterized by strong positive velocity gradients. Thus on the basis
of dispersion data only we cannot distinguish between crustal models containing
or not a significant layer of what is usually called ‘gabbro’. If we exclude
crustal thicknesses larger than 33 km, i.e., if we exclude a Moho depth equal
to 37 km or larger, as suggested by independent geophysical data (e.g., Giese
and Morelli, 1975), then only crustal models where the ‘gabbro’ layer is practi-
cally absent are possible, except for solutions 3 and 4. Furthermore the presence
of negative gradients in the velocity-depth function is allowed with a velocity
contrast as high as 0.6 km/s. The absence of a clearcut ‘gabbro’ layer is in
agreement with the model given by Giese and Morelli (1975) for the Northern
Apennines and is also substantiated by the structure proposed by Colombi
et a1. (1973) for the southernmost part of the area. On the other hand the
velocity inversion given by Giese and Morelli (1975) in the aforementioned
model around 25 km, is not clearly substantiated by experimental evidence
as travel-time for reflected waves or for those of a deep seismic source (Gerver
and Markusevitch, 1966), while surface waves data have allowed the determina-
tion of a set of models, wherein shear-wave velocity in the low-velocity zone
can be in the range 3.1—3.3 km/s, which corresponds to compressional-wave
velocity in the range 5.4—5.7 km/s, if the standard relation vp=1/3— Us is used.
The origin of crustal low-velocity zone is not yet clearly understood, however
the low-velocity values in the lower crust may indicate partial melting perhaps
in combination with the presence of dehydration water.
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Being aware of the fact that we cannot exclude the presence of very thin
veneers with high velocity just below the Moho, on the base of our data we
can state that the sub-Moho material is characterized by low velocities, never
exceeding 4.4 km/s, and that below it the velocity increases with depth or is
constant, being in the range 4.4—4.6 km/s.

Conclusions

The crustal structure of the Apennines region, as inferred from Rayleigh wave
dispersion measurements, is in good agreement with the model given by Giese
and Morelli (1975). More detail is given about the possible low—velocity zone
at a depth of about 25 km, which is characterized by S-wave velocities in
the range 3.1—3.3 km/s. If the presence of a soft layer in the crust at a depth
of about 25 km is accepted, in agreement with DSS and surface wave data,
then this depth can be considered as the upper limit for the focal depth of
crustal shocks in the Apennines. The maximum crustal thickness consistent
with the data is 37 km; all crustal models exclude the presence of crustal doubling
as suggested for the Northern Apennines by Morelli et a1. (1977). At the most
S—wave velocities in the range 3.9—4.1 km/s can be considered strong indicators
of the presence of some kind of transition zone, instead of the usual rapid
change in elastic properties associated with the Moho discontinuity. The S—wave
velocity in the sub-Moho material never exceeds 4.4 km/s and this is in agreement
with the low P„ velocities given by Giese and Morelli (1975).

Caputo et a1. (1976) from the study of the path TNO-AQU where not able
to resolve between two groups of models, one with relatively low-velocity mate-
rial just below the Moho, the other with a high velocity lid of thickness 3040 km
overlying a very low-velocity channel. On the basis of our results and DSS
data this ambiguity seems to be resolved, and the first group of models seems
to be more appropriate for the Apennines region.

The presence of high-velocity material, about 4.5 km/s, starting at depths
as low as 60 km may be interpreted as evidence of a possible downbuckling
process of the high-velocity lid in this region.
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On the Coastal Effect on Geoelectrical Soundings
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Abstract. To estimate the influence of the ocean on a geoelectrical sounding
carried out on land near the coast, a model is chosen consisting of a perfectly
conducting, infinitely thin, half-infinite sheet lying on the surface of a
homogeneous earth. Model curves of the apparent resistivity are given for
measurements made parallel or perpendicular to the edge of the sheet. From
these model curves it is possible to derive apparent resistivity curves for
other configurations of the current and potential electrodes.

As an example, we have considered a geoelectrical sounding made with
large electrode separation in Southern Africa. For a homogeneous half-
space, the maximum deviation of the apparent resistivity from the resistivity
of the half-space is of the order of about 15% for the applied maximum
electrode spacing of 1,250 km due to the effect of the Indian Ocean. There-
fore it may be concluded that the measured sharp minimum of the apparent
resistivity curve (pa) is not produced by the ocean. If the measured pa—curve is
accordingly corrected for the coastal effect it yields nearly the same con—
ductivity model as before.

Key words: Apparent resistivity -— Effect of ocean — Conducting half-
infinite sheet.

1. Introduction

Blohm et a1. (1977) have reported on results of geoelectrical depth soundings
carried out in Southern Africa from 1973 to 1975. The measurements were made
using a Schlumberger configuration with electrode spacings up to 1,250 km. The
array was nearly parallel to the Indian Ocean at an average distance of about
350 km from it. Therefore, the question may be asked to what extent the data
could have been affected by the highly conductive salt water of the ocean. (Sea
water has a resistivity of about 0.2 Ohm-m as compared with up to 100,000
Ohm - m of the South-African rocks at shallow depth.) The mean depth of the

O340—O62X/79/0045/0329/$01.60
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ocean (about 3 km) was very small compared with the distances of the electrodes
from the coast as well as from each other. Accordingly, an infinitely thin, half-
infinite sheet with vanishing resistivity at the boundary of a half-space may serve
as a model of the ocean in order to estimate the possible effect on the sounding
curve.

Such a simple model may also be used to estimate the effect of the sea water
on soundings carried out immediately near the coast. Additionally, this model
may be helpful for the interpretation of soundings made near the edge of
shallow highly conductive deposits of large lateral extent.

Grant and West (1965) have quoted a paper by Sommerfeld (1897), in which
the potential of a point source is derived for the case of an infinitely conducting
half-plane embedded in a uniform space. Sommerfeld’s formula was later
corrected by Carslaw (1899). By means of this formula, corresponding Schlum-
berger sounding apparent resistivities may be derived from the gradients of the
potential, especially from gradients parallel or perpendicular to the edge of a
semi-infinite sheet lying at the earth’s surface.

2. Theory

Within a uniform space with resistivity p1, Sommerfeld (1897) assumes a half-
infinite thin sheet with no resistivity which coincides with the half-plane 2:0,
x20 in Cartesian coordinates. A point source A with current I is located at
A(x’, y’, z’); the point P where the potential is measured is assumed to have the
coordinates P(x, y, z). If cylindrical coordinates (r, go, y) are introduced so that
the axis of the cylinder coincides with the edge of the sheet which is described by
g0=0, then

x=r-cosq)
y=y
z=r-sing0. (1)

Now, the potential V may be written as

I 1 + 1/2 1 +I1/2
—fl-[—-arctan

(a I)
—Earctan

(a I) ]. (2)- 27:2 R (7—7: a—t’

This formula is derived by conformal mapping of the half-infinite plane onto an
infinite plane applying additionally the method of images in a space of two
revolutions. The following definitions are used:

R=[r2+r’2—2rr’cos(g0—go’)+(y—y’)2]1/2 (3a)

t=cos(p—2(p (3b)

(r+r’)2+(y—y’)2 1/2
U=[ 4rr’ i ' (3C)
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The quantities R’ and r’ are obtained from (3a) and (3b), respectively, by
inserting —(p’ in place of go’.

In our case the half-plane is assumed at the earth’s surface 2:0, for n
((s), and the source A and the point of measurement P are also located at
the earth’s surface with x< 0, i.e.

¢=<0’=7r. ~ (4)
If a half-space rather than uniform space is considered, one has only to multiply
the potential by a factor of two. Since r= —x, r’= —-x’, r=1, r’= —1‚ R=R’,
using definitions (3c) and the addition theorem for the arctan function, Eq. (2)
takes the simple form

V=%— . R; - arctan u, (5)

where

u=2(xx’)1/2/R (5 a)

and

R=[(x-X’)2+(y—y’)2]“2. (5b)
If the point of measurement P approaches the source, one obtains

I 1V—-> VO=—23n—1.E (MA), (6)
which is the potential of a point source at the boundary of a half-space without
any disturbing bodies. If P approaches the edge of the sheet, we get

V—>0 (x —>0). (7)

To obtain the gradient of the potential V at the point P in any direction s
defined by the angle up with respect to the x-axis, we have to calculate the
derivatives with respect to x and y:

ÖV ÖV ÖV .
*Ö—S—=—Ö:-cosw+Ö—J7-smtp.

(8)

The apparent resistivity pff’ may be defined for a measurement of the gradient in
the s-direction by

(s)_ ÖV/ÖSp“ ‘pl aVO/as' (88)

Especially for a measurement perpendicular or parallel to the edge of the sheet,
one obtains:

pff‘) dV/ax 2
[ar ta +—= =— c nu

p1 öVO/Öx 7t
u2(x —x’) —

2x’)](x—x’)u(l+u2 (9)
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(perpendicular to the edge),

(y)pa ÖV/Öy 2
[

u
]p1 ÖVO/öy 7: arc

anu+1+u
( )

(parallel to the edge).

3. Results

3.1. Model Curves of the Apparent Resistivity

From expressions (9) and (10) it is possible to calculate model curves of the
apparent resistivity for a single electrode A (measurement of the gradient) by
setting y’=0 and expressing all geometric quantities in terms of the distance D
from the source A to the edge of the conducting sheet. The distance between the
electrode A and the measuring point (center of MN in Fig. 1) is designated by d;
in practice the gradient of the potential is obtained from the difference of the
potentials between the potential electrodes M and N when placed close together.

Depending upon the position of the potential electrodes M and N, as shown
in Fig. 1 (inset), three types of apparent resistivity curves will result. For
example, when M and N are situated between electrode A and edge of the
sheet (d=x—x’), we obtain the apparent resistivity curve (a) shown in Fig. 1.
Similarly, when A lies between MN and the sheet, curve (b) results, and when
MN is moved parallel to the edge, curve (c) will be obtained.

The gradient ÖV/Ös of the potential — and therefore the apparent resistivity
according to (8a) —~ in the case of two electrodes A (with current I) and B (with
current —1) can be obtained by superposition of the gradients for the case of a
single current electrode A. Especially for a Schlumberger configuration (with
potential electrodes M and N in the middle between A and B) with the electrode
separation L=AT being perpendicular to the edge of the sheet and with the
distance l from the midpoint of the electrode configuration to the edge of the
conducting sheet, the following formula may be used:

p“: (l—L/Lz/z)2' pgm [1522/2] + (155/2;p [if—5‘2] (11)

Where the arguments of pg“) and pfj“) denote the abscissa of the curves (a) and
(b) in Fig. 1. In case of a Schlumberger configuration parallel to the edge of the
sheet (with two electrodes A and‘B) we obtain the same apparent resistivity
curve as shown in curve (c), Fig. 1, for a single electrode A, with d=L/2 and D
=distance of A and B from the edge. In our example, this case is of special
interest. It may be concluded from curve (c) that the deviation of pf,” from p1 is
less than 3% for d/D<O.85. As d/D approaches infinity (u —>O), the following
expression for pf,” with a maximum error of 3 0/0 may be used:

()~pay
8~p1

'W (d/D >9.4). (12)



|00000341||

On the Coastal Effect on Geoelectrical Soundings 333

10. I Trim 'T l Tlllll 'T:a- t __
__ y// _15— l // _

l__ : %
V I

2—— a/
/

_ /
‚x

I LT’L’.’_._‚

0.5:

0.2—

0.1 [Lillll II lllliLl
0.2 0.5 1 2 5 10

d3
20

Fig. 1. Apparent resistivity (pa) model curves for a single current electrode A and an infinitely thin
perfectly conducting half-infinite sheet (hatched) situated on top of a homogeneous halfspace of
resistivity p1. Three different cases are shown for different positions (cf. inset) of the closely spaced
potential electrodes M and N

Thus for large values of d/D, the apparent resistivity curve plotted on a
logarithmic scale is a straight line with a slope of —45°.

3.2. Comparison With a Lateral Discontinuity 0f Resistivity

For measurements near a lateral change of resistivity, the question arises to
what extent a finite thickness of a layer of high conductivity at the boundary of
a half-space for x>0 may influence a sounding curve within the region x<0.
For example, is it possible to obtain within a given accuracy of the measure-
ments the model curve (c) for a sheet-like body with a finite or an infinite
thickness? The extreme case of an infinite thickness of the layer with resistivity
p2 may be treated in the following simple manner, which allows a useful
comparison with the model consisting of an infinitely thin sheet as treated in
Sect. (3.1).
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The model consists of a quarter—space z>0, x<0 with resistivity p1 and a
quarter-space z>0‚ x>0 with resistivity p2. The potential V at the earth’s
surface in case of a point source A(x’, y’, 0) in medium 1 as given in
Van Nostrand and Cook (1966) is:

I
V=% {[(X-X')2+(y—y')2]‘“2+k[(X+X’)2+(y—y’)2]‘”2} (13)

where k=(p2—— p1)/(p2+ p1) is the reflection coefficient. The apparent resisti-
vities, which correspond to curves (a){c) in Fig. l are now

(xi) 2pa _ d/D
)

=1 k< , 14a,bp1 + not/D ( l
(y) 3p d/Da =1+k(———). (14c)

p1 |/4+(d/D)2

By comparing formulas (10) and (140), we find that for d/D<3, the apparent
resistivity values from (10) are nearly equal (with 3 (Z, difference) to the apparent
resistivity values of (140) for the case when ,oz/p1 =0.3. On the other hand, for ,02
=0 (k: — 1) we get from (140):

6
pff’epl W (d/Deoo), (15)

e.g. the corresponding curve has a slope of —63.4° if plotted on a logarithmic
scale. Furthermore, for a gradient measurement perpendicular to the boundary
of this contact model, we have for p2=0 about the same pf,"+)-values for
d/D<O.85 as before. For larger values (d/D—>1), in the case of a conducting
sheet, the apparent resistivity values rise to infinity, whereas in the case of the
contact model, these values reach 2 - p1. Thus a distinction between both models
is possible only for measurements made immediately near the edge of a layer of
high conductivity.

3.3. Results and Conclusions for Measurements Made
in Southern Africa

For further interpretation of measurements made in Southern Africa (Blohm
et al., 1977) it should be helpful to simulate the distribution of the equipotential
lines at the earth’s surface as disturbed by the ocean. Therefore, two current
electrodes A and B with current I and —I respectively, are placed parallel to the
edge of the sheet at a distance D and the equipotential lines calculated from Eq.
(5) are shown in Fig. 2. D=350 km and AF: 1,250 km have been chosen
according to the case of the maximum electrode distance applied (Blohm et al.,
1977). As may be seen in Fig. 2, the potential lines are disturbed considerably
only immediately near the coast line.
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ocean
1F

O 500 km
l l l I l 1

Fig. 2. Equipotential lines on the earth’s surface 2:0 for two electrodes A and B near an infinitely
thin and infinitely conducting sheet (x >0) over a homogeneous half-space. The geometrical
configuration corresponds to A7: 1,250 km and distance D=350 km [approximate model of an
electrical sounding made in Southern Africa near the Indian Ocean (Blohm et al. 1977)]

For the mentioned maximum electrode spacing we have a ratio d/Dzlß,
and from curve (c) in Fig. 1 follows pf,”/p1 z0.85. This means that the measured
apparent resistivity is about 15% smaller due to the influence of the ocean if
homogeneous space below the surface is assumed. The sharp minimum of the
sounding curve was measured at half an electrode spacing of about 100 km (see
Fig. 3), that means at a ratio d/Dz0.3. As curve (c) in Fig. 1 shows, nearly no
influence of the ocean is to be seen at this ratio (pazpl). Therefore, the
apparently indicated well conducting layer at a depth of about 30 km cannot be
due to the influence of. the ocean.

Even for larger electrode spacings the effect of the ocean on the sounding
curve remains so small that it should be permitted to correct the pa-values in a
first approximation according to the model of a perfectly conducting, infinitely
thin sheet lying on the surface x >0 of a homogeneous earth. A better correction
would be obtained by taking a layered model below the ocean similar to that on
land, but in this case an analytic solution does not seem to be possible. For the
largest five electrode spacings from curve (c) in Fig. 1 the corresponding ratio F
=pa/p1 is taken and the measured pa-values are multiplied by 1/F. The
measured and corrected pa-values of the geoelectrical sounding (Blohm et a1.,
1977) are shown in Fig. 3 and the results of the interpretation assuming a
horizontally layered model are given below:

Best Model for Measured pa- Values
Resistivity 100,000 5,000 50 7,800 mm
Depth 0 2.5 30.5 35.5 150 km

Best Model for Corrected pa- Values (for the influence of ocean)
Resistivity 100,000 5,000 50 9,250 19m
Depth 0 2.5 30.5 35.5 170 km
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Fig. 3. Part (large electrode spacings AB only) of the geoelectrical sounding curve from measure-
ments in Southern Africa (see Blohrn et al., 1977). Due to the influence of the Indian Ocean the last
five pa-values have been corrected according to the thin sheet model as explained in the text

It may be seen from a comparison of these results that the resistivity and the
depth of the next to last layer increase from 7,800 firm to 9,250 Qm and from
150 km to 170 km, respectively.
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Short Communications

Observations of sPn From Swabian Alb Earthquakes
at the GRF Array

R. Kind

Seismologisches Zentralobservatorium, Krankenhausstr. 1—3, D-852O Erlangen,
Federal Republic of Germany

Key words: Swabian Alb earthquakes — Observations of sPn — Theoretical
seismograms.

A number of the largest earthquakes from the Swabian Alb recorded at the
Grafenberg array have been examined (the geographic coordinates of the main
station GRF are 49.69°N and 11.22°E; see Harjes and Seidl (1978) for a
description of the array). The interest was concentrated at the time window
between the first onset Pn and Pg. In Fig. l are shown GRF records proportional
to ground displacement of five events which have indications for a second
arrival between Pn and Pg. The parameters for these five events are given
in Table 1. The amplitudes of Pg in Fig. l are elipped only for the plotting
purpose. The seismograms in Fig. l are plotted in form of seismogram sections,
as it is common in explosion seismology. Only for this purpose, the known
epicenter of the large earthquake of September 3, 1978, is adopted for all earth-
quakes. The phase between Pn and Pg, labeled sPn, is clearly Visible for the
largest events, and it is getting weaker for smaller events. The magnitude 4.1
event at September 3, 1978, at 08:10 and a few more smaller events have also
been examined without success, in order to detect this phase. The reason for
that was an unfavorable signal to noise ratio. However, it seems possible that
more sophisticated data processing methods lead to better results. The time
difference sPn-Pn is about 2.6 s for the events 2 and 3, and it is about 1.0 s
for the remaining three events. This variation of the sPn-Pn times rules out
the possibility that structural effects have caused the phase labeled sPn. Another
possibility is, that a second shock is responsible for this phase. In order to
check the sPn hypothesis, theoretical seismograms have been computed using
the buried source version of Fuchs’ reflectivity method by Kind (1978) and
Kind (1979). The ray path of Pn and sPn is demonstrated in Fig. 2. In Fig. 3
are shown sections of theoretical seismograms for Several possible source orienta-
tions (Götz Schneider, personal communication). The used crustal model is
a simplified version of model I by Aichele (1976), derived from explosion seismol-

0340-062X/79/0045/0337/801.00



338 R. Kind

._. 14 — _— _ —
(IT) .

J _ 5 I'—

m 10 4 _ T
I

C13 8 __ _sPn f I?
4

3:: [3 "j _— r
I

l.— (i I
I

I
I I7]

I

220 225 230 235 240 220 225 230 235 240
X I N KM X I KM

c3 12 _——T_a— '_

2
(I)

8
-:

.«SPn—
5

Q 6 ': T
e 4 I I ' I ' I ' +4 4 . l r I I '

220 225 230 235 240 220 225 230 235 240
X I N KM X 1N K M

'| d ______J____L l I l I I _J I
H l. I

—. ä;

E 12 _______= ä I

m 10 j E
3 ' 8 — '“ sPh . . .

E _
I’—

Fig. 1. Vertical displacement component
>< 5 j

I'—
observed at the GRF array for the five

‚_' d fiI ‚ I I I ‚ I events listed in Table l
2 2 0 2 2 5 2 3 D 2 3 5 2 4 0

X 1 N K I"I

Table l

Event Date Pn time Magnitude Filter Subarra}r
at GRF (GRF)

l 16.January 1978 143147.7 4.6 HP A
2 03. September 1978 050904.7 5.9 BB A+ B
3 0 3. September 1 978 053452.5 4.3 HP B
4 03. September 1978 100316.6 4.7 BB A—I— B
5 19.September1978 235421.4 4.1 HP B

Parameters of the Swabian Alb events used. HP=simulated records of a 2 s displacement propor-
tional seismometer, BB=broad band displacement proportional. The three stations 1, 2, and 3
of the subarrays A and B are used

' ogy for an area about 70 km west of GRF. The observed Pg-Pn times are
about 1 3 larger than the ones taken from the theoretical section. Because this
point is not relevant for the present purpose, it will not be pursued further.
The time difference sPn-Pn in the theoretical Section 1 in Fig. 3 is about Is,
very similar to the observed values for the events 1, 4, and 5. This leads
to a focal depth of about 2.5 km. The source orientation is typical for Swabian
Alb events (strike slip, strike of the fault plane N 15° E, dip 80° W). Theoretical
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Fig. 3. Theoretical seismograms for comparison with the data shown in Fig. l. Section l: h=2.5,
i=0, 5:80. Section 2: I:=6.5, 2:0, 6:80. Section 3: h=6.5, it: —10, 6:80. Section 4: h=6.5,
i=0, 5:60. With h=source depth in km, }.=slip vector down negative in degrees, 6=dip of
the fault plane to the west in degrees. The strike of the fault plane was N 15° E in all sections

seismograms for the same source orientation, but with a source depth of 6.5 km
are plotted in section 2, Fig. 3. The amplitudes of sPn are clearly smaller than
the amplitudes of Pn. There is another phase about l s in front of sPn. This
is a phase very similar to sPn, but reflected from an assumed first order discontin-
uity between the sediments and the basement instead at the free surface. In
Sect. 3, Fig. 3 has sPn about the same amplitudes, as it is observed. The phase
about l s in front of sPn is very much reduced in its amplitudes. The first
order discontinuity between sediments and basement was replaced by a gradient
zone in this section. The dip of the fault was assumed 80° W, and the slip
vector was assumed to have a dip of 10° down. The time difference sPn-Pn
is about 2.6 8, like for the observed events 2 and 3. In Sect. 4, Fig. 3 are shown
theoretical seismograms for another possible source orientation: pure strike
Slip and fault dip 60° W. However, in this section is no sPn visible. This source
orientation can therefore probably be excluded, which narrows the error bounds
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of the fault plane solution. In conclusion it has been shown that the GRF
records of some of the largest Swabian Alb earthquakes have a clear additional
arrival between Pn and Pg. It can be said, that the inpretation of this arrival
as sPn is at least for the large earthquake (event 2) in good agreement with
focal parameters determined by traditional methods. For another earthquake
(event 5) is the focal depth 4—5 km, according to a referee’s comment, whereas
2.5 km result from the present study. This disagreement requires further studies
of several kinds of data.
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Macroseismic Intensity Map of Austria
for the Swabian Alb Earthquake of September 3, 1978
J. Drimmel, E. Fiegweil, and G. Lukeschitz
Zentralanstalt für Meteorologie und Geodynamik, Hohe Warte 38, A-l 190 Wien, Austria

Key words: Swabian Alb earthquake — Macroseismic observations in Austria.

The strong tectonic earthquake of September 3, 1978, at 05 h 08.5 m UTC,
in the region of the western Swabian Alb (Albstadt, Baden-Württemberg,
F.R.G.) was widely felt in Austria, too. However, with IO=VIII° MSK (accord-
ing to USGS) and MS=5.3 (the a‘rithmetical mean of eleven MLH, MLV and
M—values published by CSEM) it was evidently weaker than the earthquake
of November 16, 1911, in the same area.

On September 3 and 4, 1978, the ‘Österreichischer Erdbebendienst’ (Austrian
Earthquake Service) propagated by means of broadcasting and newspapers an
appeal, asking people for reports how they perceived the earthquake. Many
persons reacted spontaneously. In order to increase the number of reports,
649 inquiries were sent to police stations, post offices, and schools. Finally,
377 reports from 179 places in Austria (besides 8 reports from abroad) as
well as 539 negative reports could be used in working out the macroseismic
map. The classification of the reports was made according to the macroseismic
scale of Medvedev-Sponheuer-Karnik, 1964.

As Fig. 1. (solid isolines) shows, in Austria a maximum intensity of 5° MSK
was reached in the northwest of Vorarlberg. The 3° isoseismal, being practically
the limit of perceptibility, was in an epicentral distance of at least 350 km
(Kotschach-Mauthen in Carinthia) and 550 km at the utmost (Vienna). — In
Austria, 48,000 square km (about 58% of the whole territory) were shaken
with an intensity of at least 3° MSK, 9,600 sq. km with at least 4° MSK, and
450 sq. km with at least 5° MSK. There were no damages in Austria. Accord-
ingly, the effects of this earthquake were clearly inferior to those of November
16, 1911, event (of. Fig. 1, dashed isolines); this time, in the west of Austria
the intensity was about one degree MSK lower, corresponding to an earthquake
magnitude being about 0.7 units smaller. — Remarkable in both cases is a
better perceptibility of the earthquakes north of the main line of the Alps
than south of it.

0340-062X/79/0045/0341/$01.00
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Das Schwerefeld im Bereich der Nordfriesischen Inseln und
des benachbarten Festlands

S. Plaumann

Niedersächsisches Landesamt für Bodenforschung, Postfach 510153, D-3000 Hannover 51,
Federal Republic of Germany

The Gravity Field of the North Frisian Islands
and the Adjacent Mainland

Key words: Gravity map — Sylt anomaly — Precambrian massif.

Einleitung

Durch Zusammenfassung gravimetrischer Daten verschiedener Herkunft ist eine
geschlossene Schwerekarte des deutsch-dänischen Grenzbereiches im nordwest-
lichen Schleswig-Holstein hergestellt worden.

Eine gravimetrische Vermessung Schleswig-Holsteins — ohne die Nordfriesi-
schen Inseln bis auf Nordstand — besteht seit der geophysikalischen Reichsauf-
nahme. 1965 hat Saxov die Ergebnisse dänischer Schweremessungen in Südjüt-
land veröffentlicht. Vom Niedersächsischen Landesamt für Bodenforschung,
Hannover (unveröff. Bericht 1977) ist schließlich eine gravimetrische Regional—
vermessung auf den Nordfriesischen Inseln durchgeführt worden.

Alle Einzelvermessungen sind jetzt zusammengefaßt worden und haben zu
der Schwerekarte Abb. l geführt. Diese Arbeit ist sehr erleichtert worden durch
neuzeitliche Schwerenetze, welche Länder und Kontinente überspannen und
die Umrechnung verschiedener Daten in ein einheitliches System ermöglichen.

Grundlagen für einen einheitlichen Bezug
der verschiedenen Schweredaten

Ein nationales Schwerebezugssystem ist in der Bundesrepublik Deutschland
durch das Deutsche Schweregrundnetz von 1962 (DSGN-62) gegeben, dessen
Aufbau am übersichtlichsten bei Marzahn (1959) beschrieben ist. Die Regional-

0340-062X/79/0045/O343/$01.00
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Abb. l. Schwerekarte (Bougueranomalien in mgal; l mgal=10" 5 ms" 2) der Nordfriesischen Inseln
und des benachbarten dänischen und deutschen Festlands. Die Rasterflächen im unteren Bereich
der Abbildung geben die Lage einiger Salzstrukturen an. Die Zahlen am Rande zwischen den
Angaben für Breite und Länge entsprechen den amtlichen Nummern der Topographischen Karte
1225000

vermessung der Nordfriesischen Inseln ist an die Punkte Westerland 1015/ 1A,
Hörnum 1215/1A, Niebüll 1219/8B und Treia 1421/7B des DSGN-62 angeschlos—
sen.

Die geOphysikalische Reichsaufnahme hat ein eigenes Netz von Basispunk-
ten, sogenannter Bezugspunkte, verwendet. Eine große Anzahl dieser Bezugs-
punkte ist bald nach der Erstellung des DSGN-62 mit jeweils nahegelegenen
Punkten dieses Netzes direkt verbunden werden (Plaumann, unveröff. Bericht
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Tabelle 1. Schwerewerte dänischer Basispunkte in Süd-Jütland

Basispunkt Schwerewert Schwerewert Differenz
bei Saxov (1965) im IGSN-7l

Christiansfeld 981 574,32 981 559,42 — 14,90 mgal
Hoptrup 981565,52 981 550,65 — 14,87
Sogaard 981529,53 981514,63 —14,90
Krusaa 981505,02 981 490,14 — 14,88

des Nieders. Landesamtes für Bodenforschung, 1961). Hiermit war dann eine
genauere Umrechnung der Reichsaufnahmedaten in das System des DSGN-62
möglich, als wenn man lediglich den beiden Netzen gemeinsamen westdeutschen
Hauptpendelpunkt Bad Harzburg verwendet hätte (der Grund liegt in der gerin-
geren Genauigkeit der früheren Messungen und der damit verbundenen geringe-
ren Stabilität größerer Netze).

Eine Verbindung der deutschen mit den dänischen Messungen ist über das
International Gravity Standardization Net 1971 (IGSN-71, Morelli et al., 1974)
möglich. Nach Saxov (1965) sind die Messungen in Südjütland auf ein Netz
von 11 Basisstationen bezogen. Von diesen sind nun vier Stationen gleichzeitig
Punkte des IGSN-71. Die Schwerewerte sind in Tabellel gegenübergestellt.

Mit einer Subtraktion von 14,89 mgal, dem Mittelwert der Differenzen, sind
hiernach die bei Saxov (1965) angegebenen Schwerewerte in das IGSN-71 über-
führt worden.

Die zunächst im System DSGN-62 erhaltenen Schwerewerte der Regionalver-
messung auf den Nordfriesischen Inseln und der Reichsaufnahme in Schleswig-
Holstein wurden ebenfalls in IGSN-71-Werte umgerechnet; dies geschah mit
Hilfe einer bei Doerge u.a. (1977) angegebenen Transformation.

Reduktion der Schwerewerte

An den Schwerewerten g wurden, nachdem sie sämtlich im System IGSN-7l
vorlagen, folgende Reduktionen angebracht:

Die Höhenreduktion auf das Niveau NN mit der Stationshöhe h und dem
gravimetrischen Höhenfaktor

(0,3086—0,04191 -D);
für die Dichte D wurde hierin der Wert 1,90 g-cm’ 3 eingesetzt.

Die Normalschwere wurde nach der Schwereformel 1967

y = 978 031,85 - (1 + 0,00578895 - sinc + 0,000023462 - sin4(p)
go 2 geographische Breite

für das Geodetic Reference System 1967 berechnet.
Die Berechnung von Geländekorrekturen war nur bei wenigen, exponiert

auf Dünen, Warften oder Dämmen gelegenen Punkten erforderlich; der größte
Wert betrug dabei 0,15 mgal.

Mit diesen Reduktionen und Korrekturen ergeben sich die in Abb. 1 darge-
stellten Bougueranomalien.
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Kurze Diskussion der Schwerekarte

Die Mitte der Schwerekarte wird von einem ausgedehnten Minimum eingenom-
men, das die Nordfriesischen Inseln mit Ausnahme von Sylt sowie das nordöst-
lich angrenzende Festland um Niebüll herum bis zur deutsch-dänischen Grenze
bedeckt (das Zentrum des Minimums ist nicht erfaßt, es muß südwestlich der
Inseln auf dem Nordseeschelf gesucht werden). Dem Aufbau des Untergrundes
nach handelt es sich um den Bereich der westschleswigschen Scholle, welcher
sich nach Südosten die mittelholsteinische Scholle anschließt (Hecht u. a.‚ 1955;
Weber, 1957). Die Grenze zwischen beiden Schollen ist in der Schwerekarte als
eine vom Salzstock Oldensworth zum Salzstock Flensburg verlaufende Linie
eingetragen. Sie wurde aus Kehrer und Andres (1953) übertragen, welche sie
als ‚westholsteinischen Abbruch“ bezeichnet und vorläufig dorthin verlegt haben,
‚wo die Korrelation markanter Reflexionshorizonte unmöglich wird‘. Sie soll
hier nur ein grober Anhaltspunkt sein. Gripp (1964) z.B. gibt dieser Schollen-
grenze insbesondere im mittleren Bereich einen etwas anderen Verlauf, nämlich
über die Westflanken der Salzstöcke Oldensworth, Süderstapel und Sievershorst
hinweg; das. braucht hier jedoch nicht weiter verfolgt zu werden.

Die Lage der Salzstöcke in Abb. 1 wurde aus Jaritz (1973) übertragen.
Während die mittelholsteinische Scholle durch das Vorhandensein langge-

streckter Salzaufbrüche und damit verbundener großer Mächtigkeitsschwankun-
gen im Perm und in der Trias charakterisiert ist, zeichnet sich die westschleswig-
sche Scholle durch eine flache, nahezu konkordante und kaum gestörte Lagerung
der sedimentären Schichten seit dem Perm aus. Diesem unterschiedlichen Aufbau
des Untergrundes entspricht das Schwerebild. Einem kleinräumigen Wechsel
lokaler Anomalien im Bereich der mittelholsteinischen Scholle steht der weitge-
hend glatte Isolinienverlauf bei dem weitgespannten Schwereminimum über der
westschleswigschen Scholle gegenüber.

Wenig nördlich der deutsch-dänischen Grenze beginnt ein starker Anstieg
der Bougueranomaliewerte. Er markiert gravimetrisch den nördlichen Grenzbe-
reich der westschleswigschen _Scholle. Die enge Isolinienscharung bildet die S-
oder SW-Flanke des Ringkjöbing—Fünen-Schwerehochs, einer prägnanten
Schwereanomalie über einer Hochlage von praepalaeozoischem Grundgebirge
(Hinz u.a.‚ 1967). Der Zone der starken Schweregradienten vorgelagert und
Von dieser durch ein über die Südspitze vom Römö verlaufendes Minimum
getrennt ist das neu aufgefundene Schwerehoch von Sylt. Diese bemerkenswerte
Schwereanomalie konnte jedoch nur in ihrem Randbereich erfaßt werden. Die
Isolinien sind nach Westen offen. Ihr Verlauf bleibt insgesamt etwas unsicher,
doch ist im Mittelteil der Insel eine Achsenrichtung SE-NW ziemlich gut belegt.
Diese Achsenrichtung trifft nach Nordwesten zu in etwa 25 km Entfernung auf
ein Schweremaximum, das dort durch eine bei etwa 8°05’ östlicher Länge in
Nord-Süd-Richtung verlaufende seegravimetrische Meßlinie belegt ist (Fleischer,
1963). Eine Verbindung beider Maxima ist vielleicht naheliegend, aber nicht
völlig sicher.

Seit langem (Reich, 1928) ist auch eine magnetische Anomalie von Sylt
bekannt. Die Korrelation beider Anomalien ist so gut, daß hier der Fall vorzulie—
gen scheint, daß magnetische Anomalie und Schwereanomalie denselben Stör—
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körper haben. Reich schließt die AZ—Isanomalen im Westen, doch ist das
nicht hinreichend belegt. Es besteht auch für die magnetische Anomalie die
Möglichkeit, daß ihr Zentrum nordwestlich von Sylt liegt und daß nur ihr
Südost—Ende erfaßt wurde — wie bei der Schwereanomalie.

Die magnetische Anomalie von Sylt ist seit ihrem Bekanntwerden als geophy-
sikalisches Abbild eines ,Massivs‘ angesehen worden. Bei diesem und anderen
,Massiven‘, die bogenartig von Jütland und Schleswig-Holstein nach Südosten
bzw. Osten die Ostsee umgeben, kann es sich (Lotze, 197l) um präkambrische
Körper des fennoskandischen Kristallins handeln.

Die Sylter Schwereanomalie läßt sich z.Zt. noch nicht quantitativ interpretie-
ren, da sie nur gerade eben angeschnitten wurde. So kann auch zwischen den
beiden hauptsächlich in Betracht kommenden Möglichkeiten, einer Intrusion
vermutlich basischen Gesteins in das Grundgebirge und einer horstartigen Her-
aushebung des Grundgebirges analog dem Ringkjöbing-Fünen-Hoch, vorerst
nicht sicher unterschieden werden.
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P-wave anisotropy in horizontal directions has been observed in various parts
of the world in the upper mantle, for instance in some regions of the Pacific
Ocean (Hess, 1964; Morris et al., 1969; Raitt et al., 1969; Shimamura and
Asada, 1978) and in some continental areas (Nevskiy et al., 1974; Bamford,
1977; Hirn, 1977). The observations on continents are not yet substantiated
by the same amount of data and by the same level of confidence as are the
oceanic ones. From laboratory data peridotitic and metamorphic rocks are known
to exhibit a strong seismic anisotropy (Peselnick et a1. 1974; Kern and Fakhimi,
1975; Meissner and Fakhimi, 1977; Kern, 1978) which has been attributed
to the preferred lattice orientation of olivine in peridotites, the main rock type
of the upper mantle. In fact, the preferred orientation of olivine seems to
be the main reason for the observed large anisotropy in oceanic areas.

Parallel to the observations of anisotropy, mostly performed on medium
range deep seismic sounding (=DSS) profiles, of 200 to 300 km in length,
some so called ‘Lithospheric profiles’ of more than 500 km in length have
been observed in oceanic and continental regions (Hirn et al.‚ 1973; Bamford
et al., 1976; Orcutt and Dorman, 1977; Nagumo et al., 1978; among others).
Unfortunately, only very few lithospheric profiles exist so far, and none of
them are crossing each other. From measurements along lithospheric profiles
various interpreters derive a fine structure of P-wave velocity for the upper
mantle. This is an alteration of layers of high and low velocities (sOfi km/s)
showing individual thicknesses of some tens of kilometers. In some cases, such
a fine structure can be followed over adjacent and very long parts of a profile
(Hirn et al., 1973). Recently such a fine structure has been derived for the
western part of the Pacific based on surface wave studies and long range profiles
(Nagumo et al., 1978). Independently, anisotropy has been observed in the same
region along normal DSS-profiles (Shimamura and Asada, 1978). It seems possi-
ble, hence, that lithospheric fine structure is mainly an effect of a crystallographic
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anisotropy and not related to a fine structure in density and composition.
Some arguments for this hypothesis can be summarized as follows:

(i) The range of anisotropy values from 7.4 to 8.7 km/s as derived from
laboratory measurements as well as from field experiments in the Pacific (Raitt
et al., 1969) is only slightly larger than that of the reported fine structure of
the upper mantle.

(ii) Although up to now no intersecting lithospheric profiles (>500 km in
length) exist which could definitely prove or disprove the existence of an azimu-
thal (and hence anisotropically generated) fine structure, there are two regions
where anisotropy (along several crustal profiles with different azimuths) and
fine structure (along one lithospheric profile) do co—exist. These observations
are from the Western Pacific region, as mentioned before, and from parts
of France (Hirn et al., 1973; Hirn, 1977). No other areas are known to us
where both kinds of observations exist, i.e., several crustal profiles with different
azimuths and a lithospheric profile. In the southern and southwestern part
of Germany, where Bamford (1977) reported an anisotropy which is however
much debated, a fine structure for a large area was reported based on body
waves from earthquakes (Baer etal., 1979) providing another, though weaker,
indication for a correlation of fine structure and anisotropy.

(iii) If the reported fine structure in P-velocity would be caused by a related
density structure, for instance by the correlation of Woollard (1959), densities
as low as p=3.3 g/cm3 (vp=7.8 km/s) would underly layers of p=3.5 g/cm3
(vp=8.4 km/s) in some places. Large areas would be unstable. Calculations
indicate that such a layering would be very short-lived, especially near the
oceanic ridges where new lithosphere is created and viscosities are near 1017
poise (Vetter and Meissner, 1977). Even if viscosity were 1019 poise and the
density differences only 0.01 g/cm3 a spherical inhomogeneity of 30 km radius
would need less than 100,000 years to intrude the denser layer. (From a set
of master curves, using Maxwell rheology, Inst. f. Geophys, Kiel, unpubl.).
As the oceanic lithosphere is definitely created at oceanic ridges in a high
temperature and low viscosity environment, the assumption of a density structure
in the oceanic upper mantle which corresponds to the P-Velocity structure seems
impossible from genetic and stability reasons.

(iv) The assumption that the velocity structure represents different layers
with different anisotropy, caused by a preferred orientation of olivine crystals
in peridotite, seems plausible from genetic reasons: During the generation of
new oceanic lithosphere at the oceanic ridges, which is certainly a high tempera-
ture process, a preferred orientation of olivine crystals is easily obtained due
to stress fields. Such a process of creating an anisotropy by weak or medium
stresses and elevated temperatures is much debated. Plastic flow and/or recrystal-
lization may be involved in these processes (Francis, 1969; Ave’Lallemant and
Carter, 1970).

Various stresses have to be considered for creating a preferred orientation
of olivine crystals near ridges: The largest stresses seem to originate from bending
of flow lines. Due to Francis (1969), a-axes of olivines adjust to flow lines.
Other stresses, such as those of thermal origin, overburden pressure, and perhaps
solidification stresses seem to play an additional role. All stresses may really
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be different at different depth levels due to flow inhomogeneities and discontin-
uous flow patterns. Later tectonic events such as the origin of fracture zones,
dyke injections, re-heating and plastic flow may destroy (or raise) the anisotropy.
However, basically anisotropy — like magnetization — is assumed to be ‘frozen
in’ during the period of bending and cooling near the ridges. According to
possible differences in stress at different depth levels, also the anisotropy may
be depth-dependent, i.e., show a layered structure. In general, of course, a-axes
of olivines and the direction of maximum Pn-velocity should be directed perpen-
dicular to the ridges, as found for the uppermost part of the mantle in many
marine in situ-experiments. The greater the depth down from the M—discontin-
uity, the smaller is the bending stress, the longer the cooling time, and the
greater the possibility of a contribution of other stresses. A density layering
would certainly not be created during a gravitational differentiation of oceanic
lithosphere at ridges.

All four points mentioned above might well explain a correlation between
anisotropy and fine structure under oceans and continents. Points (iii) and (iv),
which primarily seem to explain anisotropy and fine structure in the oceanic
lithosphere, might well be extended to continental areas if one assumes a general
underplating of oceanic lithosphere below continents, which was especially
strong and shallow in the Precambrian (Meissner, 1979). Old continental shields,
on the other hand, have often undergone various orogenic cycles with a re-
heating and metamorphism, increasing the probability of destroying large scale
uniform orientation of olivines in peridotitic layers. Additionally, shear stresses
acting on the base of the continental lithosphere as suggested by Fuchs, 1977,
may generate a new orientation of the olivine crystals and thereby of maximum
velocity orientation. Long range (lithospheric) observations of different orienta-
tions are required in suspected areas to establish a solid basis for the suggested
relation between anisotropy and fine structure. They should show, then, an
azimuthal variation of the fine structure.
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A.E. Ringwood: Composition and Petrology of the Earth’s Mantle. New York: Mc Graw-Hill 1975.
618 Seiten, 153 Abbildungen, 70 Tabellen. US $ 29.95.

Der Verfasser des vorliegenden Buches hat durch seine umfangreiche Forschungstätigkeit auf
dem Gebiet der experimentellen Petrologie und der Geochemie unser gegenwärtiges Bild von der
Zusammensetzung des Erdinnern zu einem erheblichen Teil mitgeprägt und ist damit in besonderer
Weise geeignet, den Versuch einer Synthese der bisherigen Ergebnisse und Erkenntnisse zu wagen.

Das Buch ist in zwei Hauptteile gegliedert: Teil 1 (8 Kapitel) befaßt sich mit der Erdkruste
und dem Oberen Erdmantel, während in Teil 2 (7 Kapitel) der tiefere Erdmantel behandelt wird.
Ein abschließendes Kapitel enthält einige Folgerungen und Spekulationen bezüglich Entstehung
und Evolution der Erde.

Insgesamt fällt auf, daß die Behandlung des Stoffes in großem Umfang von den Arbeiten
und Meinungen des Verfassers bestimmt ist und im wesentlichen eine Zusammenstellung und Syn-
these der eigenen Arbeiten darstellt. Dies ist zwar verständlich, im Hinblick auf die zahlreichen
noch existierenden Kontroversen auf diesem sich rasch entwickelnden Forschungsgebiet hätte man
sich aber eine stärkere Berücksichtigung der Arbeiten anderer Gruppen und Schulen gewünscht.

So erfolgt die Diskussion im wesentlichen unter dem Konzept des Ringwoodschen Pyrolit-
Modells, ohne daß der Verfasser näher auf durchaus vorhandene Kritik an diesem Konzept eingeht.

Auf der anderen Seite erreicht der Verfasser mit dieser Beschränkung eine bewundernswerte
Geschlossenheit der Darstellung seiner Synthese. Besonders lesenswert sind dabei auch die Ab-
schnitte, in denen die geophysikalischen Randbedingungen für die petrologisch-chemische Zusam-
mensetzung behandelt werden, z.B. Kap. 9.

Das Buch enthält eine Fülle von Informationen und Ideen, die den Leser zu eigenen Überlegungen
und Folgerungen anregen können. Es wendet sich jedoch im wesentlichen an Geowissenschaftler,
die auf Grund von Vorkenntnissen über die Komplexität des Themas die oft recht kategorischen
Folgerungen des Autors entsprechend einordnen und werten können. Insofern ist das Buch kein
Lehrbuch im üblichen Sinn, das verschiedene Meinungen objektiv nebeneinanderstellt.

Trotz aller Einschränkungen kann das Buch allen an diesem aktuellen Problem Interessierten
empfohlen werden, gibt es doch einen umfassenden und exemplarischen Einblick in die Arbeits-
und Denkweise der experimentellen Petrologie und ihrer Verknüpfung mit den Nachbarwissenschaf-
ten.

H. Burkhardt, Clausthal
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Reinterpretation of a Deep-Seismic-Sounding Profile
on the Ukrainian Shield *

M. Jentsch
Geophysikalisches Institut der Universität Karlsruhe,
Hertzstr. 16, D-7500 Karlsruhe 21, Federal Republic of Germany

Abstract. A single deep-seismic-sounding profile from the Ukrainian shield
has been reinterpreted. The spacing of geophone traces in the original data
was 100 m. The data are presented with 200 m, 1km and 3 km distance
between traces to allow a comparison with the type of explosion seismic
data common in Western Europe and North America. Different possible
correlations are presented and discussed. The DSS data have been interpreted
using conventional techniques for laterally homogeneous models, i.e., travel-
time modelling and synthetic seismograms. No decision can be made over
the possible existence of a low velocity zone in the middle or lower crust.
Two one-dimensional velocity-depth functions are derived. They include a
high-velocity layer beneath the crust-mantle boundary, introduced to explain
strong amplitudes at rather short shotpoint distances. These results are com-
pared with earlier interpretations of this profile.

Key words: Deep-seismic-sounding — Traveltimes — Synthetic seismograms
— Correlation.

Introduction

The Ukrainian shield is bordered by the Dnjepr-Donetz-Depression in the north
and the Crimean Highlands and the Black-Sea-Depression in the south. It forms
the core of the ancient East-European Platform where mountain systems existed
in the early Proterozoic. The roots of these mountains are still present today
and form a crust of 30—60 km thickness (Sollogub et al., 1973 a).

To obtain a better understanding of the area a number of seismic measure-
ments were undertaken during the last decade (Sollogub et al., 1973b). From
the Deep-Seismic-Sounding (DSS) profile No. 10, situated on the extreme eastern
part of the shield, the first 135 km of observations from shotpoint 0.0 (Fig. 1)

* Contribution no. 157, Geophysical Institute, University of Karlsruhe. — This paper was presented
at the CCSS-workshop on comparative interpretation of explosion seismic data in Karlsruhe in
August 1977
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Fig. 1. Position of the USSR national
profile No. 10 Nogaisk-Svatovo. Solid line:

o 100 KM part of profile No. 10 covered by shot 0.0.
2—- Stippled line: part of profile No. 10 not

available in this interpretation

are reinterpreted in this paper. The technique of DSS was developed during
the 1950’s and 60’s from seismic prospecting methods used in the USSR (Kos-
minskaya, 1971). Since high frequencies and seismometer spacing of 100—200 m
are used, correlations can be made quite easily and many seismic phases can
be identified on typical DSS-record sections, many of them with only limited
horizontal persistence. The published interpretations of profile No. 10 were
presented in 2-dimensional cross-sections with contours of iso-velocity. In this
paper conventional one-dimensional methods based on assumptions of lateral
homogeneity have been applied to the DSS-data. These methods were developed
for the interpretation of explosion seismic data with a mean seismometer spacing
of 3—5 km. To illustrate the difference between the very close and wider spaced
data and the resulting effects on correlation and information content record
sections were plotted with different spacing of traces. Another purpose of this
work was to show to what extent it might be useful to use amplitudes in
a high frequency crustal study.

A comparison between the two-dimensional interpretations of Pavlenkova
(1971) and Pavlenkova and Smelyanskaya (1970) and the joint traveltime and
amplitude interpretation described in this paper indicates that the main features
of the crustal structure appear in both types of models although a lot of informa-
tion was missing for the interpretation presented here, e.g., reversed profiles,
exact position of the shotpoint, setting of instruments etc.

The Data

The data available were photographic copies of the original recordings (Fig. 2).
On every trace the shotpoint-receiver distance was indicated together with time
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Fig.2. Photographic copy of the original data. Distance A in Kilometer. time in seconds from
the shot instant

marks in seconds counted from the shot instant. The smallest distance was
14.8 km, the largest 134.8 km. From 14.8 to 99.8 km the available recording
time on average was 8.0 s, from 99.8 km on up to 22.0 s.

The records were obtained as follows (Sollogub and Chekunov, 1972): low
frequency apparatus SSR-30/60-KMgW and magnetic tape recording units
‘Poisk48’ were used together with seismographs Spenl (natural frequency
10—11 Hz) and NS-3 (natural frequency about 4 Hz, manufacturer unknown,
perhaps home made). One recording unit consisted of a central unit and a
5.2 km long cable with vertical geophones placed every 100 m. According to
the information available, usually 2 such spreads were used together, occasion-
ally 3—4 in areas of difficult access thus allowing the recording of a total Spread
length of 10.4 and 20.8 km respectively. The recorded frequency band was
fairly narrow with a dominant frequency of 10 Hz.

Shots were fired in boreholes 25 to 30 m deep. For longer recording distances
500—700 kg, or under unfavourable conditions 1.0—1.5 tons of explosives were
used. In general not more than 50 kg TNT or 150—200 kg gunpowder were
fired in one borehole. For bigger shots a cluster of boreholes was used. Shotpoint
0.0 was situated near Nogaisk on the southern boundary of the Ukrainian
shield. The first 70 km of the profile crossed an Archean acidic complex. From
70 to 90 km distance migmatites, injected gneisses and contaminated granites
were crossed. The rest of the profile was situated in Oligocene and Miocene
formations.

To facilitate processing and presentation in reduced-time-record sections
the data were digitized on a digitizing table. To reduce work only every other
trace was digitized. If traces could not be followed over their full length due
either to bad photographic exposure or to instrumental failures, they were
omitted. Thus the average spacing on the record sections presented here is
200 m (Fig. 3). Because of failures in the original data — bad exposure, changes
in time scale — together with mechanical errors associated with hand digitizing,
an error of up to 0.1 s over the full length of a trace resulted.

Because the maximum recording distance was 135 km, mainly reflected and
refracted waves from the crust and the crust-mantle boundary could be expected.
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Fig. 4. Record section with mean spacing of 3 km. a, b, c: different branches of Pg—waves, penetrating
into the basement. d: reflections from the crust mantle boundary (PM P)

Therefore, a reduction velocity of 6.0 km/s has been chosen as this represents
a good approximation for the mean crustal velocity (Fig. 3).

Correlation of Phases

In Figs. 4—6 record sections are presented with respectively 3.0, 1.0, and 0.2 km
Spacing between traces. Figure 4, which corresponds in observation density to
record sections usually obtained in explosion seismic studies in western countries,
shows a relatively simple wave-field consisting of two main phases: first arrivals
that result from waves penetrating into the basement, henceforth referred to
as P3, and strong later arrivals between 75 and 135 km distance, produced
by reflected waves from the Mohorovicic-discontinuity (PM P). In a record sec-
tion like this the first arrivals would probably be correlated in three branches
as indicated in Fig. 4. Because there appear no correlatable phases between
these three branches and PM P (though there are pulses of strong energy), no
structure in the middle crust can be modelled.

Looking at Fig. 5, a different picture arises: a rather inhomogeneous wave-
field now appears between PMP and P8 (still broken up into three parts).
Fairly strong amplitudes can be followed over longer distances, interrupted
only by small gaps. Relying on these data alone, one could be tempted to
correlate phases over those gaps, since one could argue that these are simply
due to local amplitude minima resulting, for example, from destructive interfer—
ences or high attenuation along the wave path. This is often done on wider
Spaced data where phases are connected over large gaps and assumed to be
continuous (Fig. 5). This correlation suggests the existence of a reflector of
considerable lateral extent in the middle crust.

Figure 6, however, reveals a still more complicated wave field in which
seismic energy can be correlated only over short distances between P3 and
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