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A Study of the D-Region Winter Anomaly
in Western Europe, 1975/76

D. Offermann*

University of Bonn, Phys. Dept., Federal Republic of Germany

Abstract. A campaign of integrated groundbased, balloon- and rocketborne
experiments for the study of the D-region Winter anomaly was performed
in winter 1975/76 in Western Europe. Twenty-three balloons and 47 rockets
were successfully launched from the range El Arenosillo in southern Spain.
Coordinated ground observations took place in Spain, France, Great Britain,
Italy, Austria, and Germany. The scientific objectives of the campaign, its
structure, performance and geophysical background are described in the
present introductory paper. Individual experiments are described in the subse-
quent papers.
Key words: Winter anomaly — D-region — Mesosphere — Lower thermo-
sphere — GBR campaign.

The dynamical, photochemical and energetic behaviour of the mesosphere and
lower thermosphere is still a largely unknown domain. This is on the one
hand due to the complexity of processes controlling the atmosphere and iono-
sphere in this altitude regime (50—140 km). On the other hand this region is
not readily accessible to remote measurements, either ground based or satellite
borne, and therefore our knowledge is mostly based on a rather limited number
of rocket experiments. T0 improve this Situation it is not sufficient t0 launch
a few more rockets. The above mentioned complexity makes it mandatory
t0 concentrate a large number of rockets in one campaign and thus measure
as many atmospheric parameters as possible at a time (or at nearly the same
time). Complementary and coordinated ground based and satellite measurements
are of course very important. Balloon borne experiments in the stratosphere
help t0 define the conditions at the lower boundary of the altitude regime
considered.

T0 understand a complex system like the atmosphere, it is sometimes very
helpful to study it under disturbed conditions rather than in the normal state.
A suitable disturbance in the altitude region of interest is the winter-anomaly
* Now at: University of Wuppertal, D-5600 Wuppertal, Federal Republic of Germany
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of the electron density in the ionospheric D-region. This anomaly is believed
to reflect—at least under certain conditions—a profound disturbance not only
in the ionosphere but also in the neutral atmosphere.

Enhanced electron densities in the D-region may be caused by- or assoeiated
with the following events:

Solar flares (see for instance Mitra, 1975; Beynon and Williams, 1976).
Magnetic storms and storm after effects (for a collection of references see

Denny and Bowhill, 1973; Sechrist, 1975; Paulikas, 1975. Recent measurements
are reported for instance by Wratt, 1976).

Meteorological events (This was first suggested by Dieminger, 1952. For
detailed references of more recent work see Denny and Bowhill, 1973; Sechrist,
1975).

The “meteorological” type of electron enhancement is considered to be
the most promising one for a study of atmospheric behaviour. It is therefore
mandatory for such study to select events of this type and to exclude the
other disturbances as far as possible.

Several different explanations for this winter anomaly have been suggested:

Vertical and/or horizontal transport of atmospheric constituents with low
ionization potential as NO (Gregory, 1965; Geisler and Diekinson, 1968;
Christie, 1970; Manson, 1971; Geller et al., 1976).

Changes in the ion ehemistry (water Cluster ion ehemistry) as eaused by
transport of trace constituents like O and H20 (Newell et a1.‚ 1966; Newell,
1968; Sechrist, 1970; Geller and Seehrist, 1971; Sechrist, 1972).

Changes in the neutral and ion chemistry by temperature variations (Sechrist,
1967; this paper was discussed by Geisler and Dickinson, 1968; Reid, 1970).

To take these possibilities into account, it is not sufficient to measure electron
and ion densities and composition only (to define the status of the ionosphere),
but also the relevant neutral atmosphere parameters have to be determined.
This pertains especially to the neutral gas density and composition with emphasis
on speeific minor constituents as O, NO etc.‚ the temperature profile, and
transport processes as winds and turbulence. Obviously the study of the D-region
winter anomaly requires a set of atmospheric and ionospheric measurements
as complete as possible with respect to structure, dynamics, and Chemistry
of the atmosphere.

A number of respective groundbased, balloon and rocket borne experiments
was therefore integrated in one GBR campaign, which was performed in Western
Europe from December 1975 to February 1976. Tablel shows a list of the
participating seientific groups (in an alphabetic order of the respective institu-
tions) and of the experiments performed by them. A total of 22 experimenters
groups took part in the eampaign and performed 38 different types of measure-
ments. Some of the experiments were duplicate and thus allow for a check
on the reliability of the instruments. Also were a number of atmospheric parame-
ters determined by two or more different techniques. This applies especially
to the winds, the neutral composition, density and temperature, and the electron
density. Thus a valuable intercomparison is possible. The rockets and balloons
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Table l

Institution Experiment Atmospheric parameter

Rocket and balloon experiments

l.

l4.

DFVLR, Köln
(Becker, Papanikas)

. DFVLR, Oberpfaffenhofen
(Beran)

. DFVLR, Oberpfaffenhofen
(Drescher)

. INTA, Madrid
(Satrustegui, Cisneros)

. IPW, Freiburg (Spenner)

. IPW, Freiburg (Unger)

. MPAE, Lindau
(Widdel, Rose, Borchers)

. MPAE, Lindau
(Loidl, Schwentek)

. MPK, Heidelberg
(Arnold, Krankowsky)

. NDRE, Kjeller
(Thrane)

. TU Graz,
(M. Friedrich, Riedler)

. Universität Bonn
(V. Friedrich, Offermann)

. Universität München
(Bangert, Bolle)

University College,
London (Rees)

Ground based experiments

15. CNET, Issy les Moulineaux
(Testud, Bernard)

. CNET, Issy les Moulineaux
(Glass, Fellous)

. CNR, Bologna
(Verniani, Formigini)

Pitot tube, ion gauge

NO photometer

5577 Ä photometer

Walmet sonde
Radiosonde balloon wind
Balloon ozone sonde

Retarding potential analyzer

Radio propagation

Chaff
Guard ring sonde
Gerdien condenser
Thermotron

Ly-oc photometers

X-ray spectrometer

Cryo pumped mass
spectrometer

Ly-ot photometer

Particle detectors

Faraday rotation
Gerdien condenser
BaHoon

Cryo mass spectrometer

Infrared radiometer

Lithium vapour trail,
ground photometers
at Mazagon
(near the rocket
range) and San Fernando
(near Cadiz)

Incoherent Scatter Radar
(St. Santin,
Nancay, Mende, St. Cassien)

Meteor wind radars
(Garchy, Montpazier)

Meteor wind radar (Bologna)

Neutral gas density,
temperature

NO

Atomic oxygen

Wind, temperature
temperature, pressure,

ozone

Electron density,
temperature

Electron density

Wind, density
Electron density
Ion mobility, conductivity
Density

02, neutral gas density,
pressure, temperature

Solar emission

Ion and neutral gas
density and composition

02, neutral gas density,
pressure and temperature

Energetic electrons

Electron density
Ion density
Wind, pressure, temperature

Neutral gas composition

02(1A)

Winds, turbulence

E-region wind and
temperature

D-region winds

D-region winds
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Institution Experiment Atmospheric parameter

l8.

19.

INTA, Madrid
(Satrustegui, Cisneros)

MPAE, Lindau
(Rose, Widdel, Lauche,
Lange-Hesse)

Ozone sonde (El Arenosillo)

Ionosonde (El Arenosillo)
Magnetometers
(E1 Arenosillo)

Total ozone

Electron density
Magnetic activity

Airglow photometer
(E1 Arenosillo)
A3 absorption
(E1 Arenosillo, Balerma,
Tortosa, transmitter at
Aranjuez)

Atomic oxygen

Electron density

20. MPAE, Lindau (Schwentek) A1 and A3 absorption
(Lindau, transmitter for A3
at Norddeich)

5577 Ä Doppler width
(Jordanstown)

Electron density

21. Ulster College, Jordanstown
(Smith)

22. TU Graz
(M. Friedrich, Riedler)

23. Universität Bonn (Volland)

24. University of Sheffield
(Muller)

Temperature (90—100 km)

A3 absorption (Graz,
transmitter near Coburg)

Electron density

VLF propagation (Stockert)

Meteor wind radar
(Sheffield)

D-region winds

were launched from the Spanish rocket range E1 Arenosillo (37°6’ N; 6°44’ W).
Groundbased stations were operated in Spain, France, Italy, Great Britain,
Austria and Germany. Their geographical distribution is shown in Figure l.

A number of experiments listed in Tablel was used to forecast launch
opportunities, to define the launch criteria, or to verify that these eriteria had
been fulfilled. The A3 absorption measurement on the range was used for
launch decisions. A noon absorption larger than 50 dB (measured between
11.20 UT and 12.20 UT) was assumed to indicate an anomalous winter day.
This corresponds roughly to >47 dB in the afternoon (14.00 UT—15.00 UT).
A noon absorption smaller than 25 dB was taken to define a low absorption
day. These measurements were supplemented by the data obtained at Balerma.
The A 3 absorption was monitored continuously. Therefore also the development
in time of the absorption was used for launch decisions. Further information
was contributed by the ionosonde on the range. A second important launch
oriterion was defined by the ground photometers for tracking the day light
lithium vapour trails: Very clear sky was needed around the range for the
optioal site at Mazagon (37°8’ N; 6°49’ W), a second optical site at San Fernando
(36°28’ N; 6°44’ W) near Cadiz, and in the direction of the rocket trajectory.
Happily this condition was fulfilled during most part of January, 1976.

As mentioned above the major experiments should not be launched during
solar flares, magnetic storms, or storm after activity. To achieve this Ursigrams
and magnetic forecasts were obtained on a daily basis from the Observatoire
de Paris at Meudon. These data were supplemented by magnetometers on the



A Study ef the D-Region Winter Anomaly in Western Europe, 1975/76 5

Y . Transmitter, receiver

*. Optical site

Fig. l. Geographical distribution of ground based stations

range. Solar x—ray data frorn the SMS satellite and flare forecasts were obtained
every day from the Space Environment Center, NOAA Boulder, USA.

As there is a correlation between winter anomaly events and stratespherie
warmings (for a review see Bowhill, 1969; Patel and Kotadia, 1972), stratospherie
weather was monitored during the campaign. Daily STRATALERT messages
of the WMO and respective forecasts were received from the Institut für Meteo-
rologie, Freie Universität, Berlin. During high activity phases of the campaign,
there were —in addition t0 the daily routine messages — person t0 person contacts
with the three stations at Meudon, Boulder, and Berlin for detailed diseussion
of the geophysieal Situation. Finally, a number of rocket experiments (x-ray-
spectrometers, particle deteetors) were used t0 verify that the launeh criteria
concerning flares and magnetic disturbances had been fulfilled.

The rocket and balloon experiments listed in Table 1 were alloeated t0 7
different types ef roeket payloads and 2 types of balloon payloads. Table 2
Shows this allocation together with the number of successful roeket or balloon
flights. (Only experiments whieh had at least one sueeessful flight, are eontained
in Table 2.) As is seen from this table, there was a large number of launehes
of the small payloads BI and BVII, and only 2—3 launches of the mediurn
er heavily equipped payloads BII, BIII, BIV, and BV. Also only three vapour
trails were available. Therefore the roekets were divided into three greups:
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Fig. 2. Periods and dates of ground based, balloon and rocket measurements. Numbers of launches
per day are given in the bottom

groups l and 2 were called “salvoes” because their rockets were launched on
two days with strong Winter anomaly within a timespan as short as possible.
The first salvo contained one round of each type of rocket and balloon payloads,
amounting t0 7 rocket and 2 balloon launches. The second salvo also contained
one round of each payload. In addition it contained the spare vapour trail
and a second AII balloon payload. (This payload AII and a radio balloon
payload R were flown on the same balloon). The remaining third group of
rockets mainly consisted of the small payloads BI and BVII. Most of them
were launched in pairs BI—BVII because this yielded a nearly continuous wind
profile from 20 km—95 km. These pairs were normally accompanied by a radio
balloon (payload R) which extended the wind and temperature profile down
t0 the ground. The launches of these pairs plus balloon were about evenly
distributed over the month of January and begin of February, 1976. They
sensed days of high as well as of low Winter anomaly activity, thus providing
a data background for the two salvoes (see Fig. 2). Table 3 Shows the launch
times and dates of all successful rocket and balloon flights together with the
apogee 01‘ maximum flight altitude, and the nominal azimuth of launcher setting.
The A3 absorption (noon values) of the respective days are also given. It
i5 seen from this table that a total of 47 rockets and 23 balloons were suecessfully
launehed during this campaign.

Table 3 ShÜWS that the rockets of the two salvoes (Jan. 4 and Jan. 21, 1976)
were launched in a specific sequence (BIII, IV, II, I, VI, VII, V). This sequenoe
and the time intervals between the respective launches resulted from a number
of scientifie and operational requirements:

1. The central part of the salvo should be launched in the early afternoon.
2. The rockets should follow one another as quickly as possible.
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Table 3. Successful rocket and balloon flights

Date Time Payload/vehicle Apogee Nominal A3-Absorption
(approx) Azimuth (noon)

17. 12. 1975 11:04:00 GMT B I/Skua 3 93 km 206° 25 dB
12:00:00 GMT B VII/Super—Loki 69 km 210°
13:35:00 GMT R /Radio-Balloon 110 km

31. 12. 1975 10:46:00 GMT B VII/Super-Loki 66 km 200° 45 dB
12:39:00 GMT R /Radio-Balloon 33 km

2. l. 1976 11:14:00 GMT A II/Balloon 15 km 51 dB
14: 59:00 GMT B I/Skua 3 95 km 200°
15:59:00 GMT B VII/Super-Loki 62 km 200°
17:42:00 GMT R /Radio-Balloon 17 km

3. 1. 1976 13:49:00 GMT R /Radio-Balloon 12 km 46 dB

4. 1. 1976 13:40:00 GMT B III/Petrel 86 km 195° 56 dB
14:30:00 GMT B IV/Nike-Apache 13l km 200°
15:30:03 GMT B II/Skylark 3 117 km 200°
15:47:00 GMT B I/Skua 3 103 km 197°
16:00:00 GMT B VI/Petrel 132 km 202°
16:52:00 GMT B VII/Super—Loki 57 km 197°
17:06:00 GMT A II/Balloon 35 km
19:35:00 GMT R /Radio-Balloon 33 km
22:58:00 GMT B V/Skua 4 96 km 200o

6. 1. 1976 15:46:00 GMT B I/Skua 2 97 km 200° 50 dB
16:40:00 GMT B VII/Super-Loki 70 km 200°
18:42:00 GMT R /Radi0-Balloon 32 km

8. 1. 1976 12:00:00 GMT B VII/Super-Loki 70 km 200° 60 dB
13: 13:00 GMT R /Radio-Balloon 31 km

9. 1. 1976 15:53:00 GMT B VII/Super-Loki 70 km 200° 25 dB
16:11:00 GMT B I/Skua 2 99 km 220°
18:47:00 GMT R /Radio-Balloon 31 km

12. 1. 1976 15:50:00 GMT B VII/Super—Loki 56 km 200° 30 dB
16:20:00 GMT B I/Skua 3 92 km 220°
17:47:00 GMT R /Radio-Balloon 31 km

14. 1. 1976 15:50:00 GMT B VII/Super—Loki 70 km 200° 61 dB
16: 10:00 GMT B I/Skua 3 91 km 230°
17:53:00 GMT R /Radio—Balloon 24 km

20. 1. 1976 13:40:00 GMT B III/Petrel 59 km 195° 35 dB
15:50:00 GMT B VII/Super-Loki 63 km 190°
16:10:00 GMT B I/Skua 3 93 km 225°
17:38:00 GMT R /Radio—Balloon 32 km

21. 1. 1976 11:48:30 GMT A II/Balloon 4 km 67 dB
13:40:00 GMT B III/Petrel 82 km 195°
14:32:09 GMT B IV/Nike-Apache 129 km 200°
15:31:00 GMT B II/Skylark 3 117 km 200°
15:40:00 GMT B I/Skua 2 98 km 197°
15:55:00 GMT B VI/Petrel 134 km 202°
16:40:00 GMT B VII/Super-Loki 70 km 197°
18: 17:00 GMT B VI/Petrel 125 km 202°
18:57:00 GMT A II/R/Balloon 29 km
22:30:00 GMT B V/Skua 4 109 km 235°
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Table 3 (continued)

Date Time Payload/vehicle Apogee Nominal A3-Absorption
(approx) azimuth (noon)

22. 1. 1976 15:56:00 GMT B VII/Super-Loki 70 km 200° 44 dB
16:16:00 GMT B I/Skua 2 93 km 221°
17:54:00 GMT R /Radio-Balloon 33 km

23. 1. 1976 15:50:00 GMT B VII/Super-Loki 70 km 195° 51 dB
16: 10:00 GMT B I/Skua 2 104 km 230°
18:05:00 GMT R /Radio—Balloon 33 km

24. 1. 1976 13:09:00 GMT R /Radio-Ba1100n 33 km 53 dB
16:41:00 GMT B VII/Super—Loki 70 km

26. 1. 1976 12:28:00 GMT R /Radio-Balloon 31 km 44 dB
15:59:00 GMT B VII/Super-Loki 70 km 180°
16:19:00 GMT B I/Skua 3 100 km 200°

28. 1. 1976 12:58:00 GMT R /Radio-Balloon 31 km 64 dB
15:50:00 GMT B VII/Super-Loki 63 km 220°
16:10:00 GMT B I/Skua 3 94 km 190°

30. 1. 1976 12:29:00 GMT R /Radio Balloon 28 km 30 dB
15:58:00 GMT B VII/Super-Loki 70 km 220°

5. 2. 1976 11:39:00 GMT R /Radio Balloon 28 km 18 dB
15:51:00 GMT B I/Skua 2 104 km 205°
16:27:00 GMT B VII/Super-Loki 70 km 205°
22: 30:00 GMT B V/Skua 4 103 km 190°

8. 2. 1976 11:05:00 GMT R /Radio Balloon 32 km 31 dB
15:34:00 GMT B I/Skua 2 100 km 193°
16:20:00 GMT B VII/Super-Loki 70 km 195°

3. The Li vapour trail must not disturb other measurements.
4. Spare rockets (in case of a misfire) were available only for the smaller

payloads.
5. The number of launchers, telemetry and radar stations was limited. One

launcher had t0 be reloaded during the sequence.

As is seen from the table it was managed t0 launch the first 6 rockets
of a salvo within about 3 h. This is certainly sufficient for the study of medium
and large scale atmospheric variations as tidal and planetary waves. It could,
however, be marginal for short period disturbances as gravity waves. The BV
payloads were intended t0 search for night effects possibly connected with
a winter anomaly event. Two of them were therefore launched in the nights
after the 2 salvoes. The third Li vapour trail (spare of payload BVI) was launched
after the second salvo at twilight conditions in 100 km altitude. The balloons
had low priorities on the salvo days and were launched at times when they
did not disturb the roCket flights.

The ground based measurements which were coordinated with the balloon
and rocket flights are listed in Table 1. Not all of these stations were able
t0 operate continuously. Therefore their activities were concentrated on certain
time periods, which were especially centered around the two salvoes. For this
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purpese the greund stations were in permanent t centact with the recket
range. Figure 2 shews the activity perieds of the groundbased statiens tegether
with the number and dates ef balloen and rocket launches. lt is seen frem
this picture that the peried decumented best is that from January 20—January 24,
1976. This ineludes the secend salvo en January 21, 1976, which was launehed
en the day with the strengest winter anemaly event (67 dB) ef that winter.

Figures 3 und 4 shew a number ef geephysical parameters fer the duratien
ef the campaign. The data are shewn as they were available en the range.
The A3 abserptien values given in Figure 3 Show an unexpectedly streng winter
anemaly aetivity during all ef the month ef January, 1976. It is interesting
te nete that the time Span between every twe streng abserptien events (> 50 dB)
is in nearly all cases 3—4 days. The recket and balleen launches are indieated
by vertical lines in Figure 3. The number ef launches is given in the bettem
ef the picture. It is seen that the twe salvees en January 4 and January 21,
1976 met streng Winter anemaly events. The selar aetivity i5 shewn in Figure 3
in terms ef the 10.7 cm radie flux F numbers (Ottawa), by the l—BÄ'x-ray
flux, and by the nurnber ef flares per day (SMS satellite data, Beulder).
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The first salvo (January 4, 1976) was launched under very quiet solar condi-
tions. By mid of January, however, a sun spot appeared which strongly expresses
in all solar data shown in Figure 3. The second salvo (January 21, 1976) therefore
was not launched until this activity decayed and had nearly disappeared (note
the logarithmic scale of the x-ray flux in Fig. 3). The geomagnetic field was
characterized by moderate recurrent disturbances. The planetary Ap index as
well as the local Meudon index are given in Figure 3. It is seen that the first
salvo was launched under quiet conditions whereas the second salvo went into
the beginning of a small recurrent disturbance. The local magnetometers on
the range showed, however, that this disturbance had not fully developed by
the time when the salvo was finished.

Figure 3 also shows the 10 mb stratospherie temperatures as supplied by
the Berlin Stratalerts. Maximum temperatures which occurred in the northern
hemisphere are given to Characterize the overall Situation. A minor stratospheric
warming ocoured in the beginning of January 1976 (including a stratalert).
Most of it, however, did not take place over Western Europe but over Sibiria.

Figure 4 shows some meteorological data as they were measured on the
range. For eomparison the A3 data of E1 Arenosillo are also given. As mentioned
above the weather was unexpectedly good during most part of January, 1976.
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Figure 4 shows that this was due to a pronounced high pressure period. It
is tempting to look for a link between this high ground pressure and the winter
anomaly, because the periods of generally high A3 absorption and high pressure
coincide. Superimposed on the mean ground pressure there is a wavelike struc—
ture which appears to be present in a similar but time shifted form in the
noon temperatures T12 (see Fig. 4). Again superimposed on this wave structure
there is a diurnal and semidiurnal variation of the ground pressure (not shown
in Fig. 4). It reaches peak to peak values up to 4 Torrs! The maximum daily
temperature variation Tmax—Tmin is also given in Figure 4. It exhibits a wavelike
structure with a period of about 3.5 days. Longer periods may have been
eliminated by the method of taking differences of temperature values so close
together in time. Periods similar to this and longer ones were found in various
balloon and rocket data at higher altitudes during the campaign. Generally
speaking it appears that the geophysical Situation by the time of the campaign
was characterized by pronounced wavelike structures in the atmosphere.
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D-Region Radio Wave Propagation Experiments,
Their Signifieance and Results during the Western
EurOpean Winter Anomaly Campaign 1975/76

G. Rose and H; U. Widdel
Max-Planck-Institut für Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. During the Western European Winter Anomaly Campaign 1975/76
at ‘El Arenosillo’ (Huelva/Spain) D-layer radio wave absorption was measured
‘on line’ in Spain, Germany and Austria using the continuous wave propaga-
tion (A 3) method.

The task of the receiving station at the launching site was to announce
absorption events ofthe winter anomalous type. Further, the results of both its
absorption and ionosonde measurements were integrated into a number of
ground based and rocket measurements in order to calibrate in situ electron
density profiles.

Common quasi-periodic oscillations of D-layer absorption at the widely
separated stations became evident together with the drifts of the associated
spatial patterns from the analysis of the records. Comparisons of the daily
absorption with D-region winds between about 80 and 100 km measured
simultaneously by rocket experiments from the same site show correlations
between winter anomaly and transport processes at D-layer heights.

Key words: Aeronomy — Ionospheric absorption — Winteranomaly.

l. Method of Measurement and the Average Daily Variation
of D-Layer Absorption during a Year in Southern Europe

During the Western European Winter Anomaly Campaign of 1975/76 at ‘El
Arenosillo’ (Huelva/Spain) D-layer radio wave absorption was continuously
measured in Spain, Germany and Austria. The geographical locations and the
distribution of the stations are shown in the preceding paper (Offermann). The
transmissions paths in Spain were continuously operated for several years. In
each year of observation (1967/68, 1970/71, 1971/72, 1972/73, 1973/74, 1974/75)
winter-anomalous conditions were found to be present, January being the month
in which the probability of its occurrence was highest and t0 meet both, high
winter-anomalous absorption and conditions of very low absorption. This result
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of a rather long period of monitoring which was supplemented by observations
of winter-anomalous conditions over Sardinia on an earlier occasion (1964/65)
were one of the reasons for planning the campaign and for D-layer in situ experi-
ments performed over Arenosillo during the past years (Rose et al.‚ 1972 a, 1972b;
Rose and Widdel, 1972, 1973). There was no sound reason or support for the
belief that winter-anomalous conditions should not be present over a sufficiently
long time during December 1975 and January 1976.

The so-called A3 method was used (Schwentek‚ 1958; Dieminger et al.‚ 1966;
Rose, 1967; Rose et al.‚ 1971, 1974; Friedrich et al.‚ 1976). The amplitudes of the
sky waves of continuously transmitting short radio wave transmitters were
recorded at receiving stations which were located at distances up to about 500 km.
(The transmission was interrupted every five minutes for one minute to discrimi-
nate the noise and interference level.) Antennas, distances and transmitting
frequenoes were well selected according to the local ionospheric propagation
conditions in order to be able to determine D-layer absorption quasi ‘on line’ all
over the year between about sunrise and sunset.

The absorption measurement is obtained by the transmission of a wave
frequency that is reflected at E-layer heights (h’z 100 125 km) during daytime.
In this case the absorption-free referenee value which is necessary to determine
absorption does not depend too much on the height of reflection if the antennas
are designed to favour 1 >< E hop propagation. This mode is advantageous because
the Signal observed from different E-layer heights during the day ean then be
related to one constant (mean) reference value (instead of using a strongly height-
dependent one for which the height has to be determined independently in each
case) without introducing a significant error.

A proof of this is given in Figure 1 which shows the change of apparent absorp-
tion on the Aranjuez-Arenosillo transmission path when the height of reflection
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Changes (at vanishing D-layer absorption). The error introduced by using a mean
constant instead of a height dependent reference value is only of the order of half
a dB and can therefore be negleeted for most ofthe day. For this reason the absorp-
tion L can readily be determined ‘on line’ by using the simple formula:

L(t) (dB) = Eo(dB) - E(t) (dB) (1)
EO is the mean reference receiver input voltage (e.g. in dB over a) without
absorption. It is determined and controlled in principle by averaging a great
number of night-time values obtained during blanketing sporadic E-layer pro-
pagation conditions. E(t) is the relevant (mean) input voltage centered around
the time t of observation. For the different A3 paths only ordinary mode propaga-
tion is of importance. This is because of the orientations of the propagation paths
relative to the geomagnetic field and because of the untenna geometries.

The length of the transmission path Aranjuez-Arenosillo is 424 km and the
transmission frequency is 2830 kHz. Ground wave propagation is therefore
practically non existent. As was proved by simultaneous ionosonde observations,
E-layer propagation occurs during the day on this path all over the year for solar
zenith distances x<80°. At the same time, absorption can be as high as about
60 dB relative to the corresponding absorption-free nighttime value when strong
winter anomalous conditions are present. These are values which can still be
handled by the receiving equipment without significant loss of accuracy.

In order to investigate what would happen to different E—layer propagated
wave frequencies along this transmission path during average Winter anomalous
conditions, relative differential absorption profiles (l/Ltot) - (dL/a’h) - (cosgo) ' lcp for
the more strongly absorbed downcoming wave were calculated and plotted for
2.0, 2.5 and 3.0 MHz in Figure 2. (The measured profile for 2.83 MHz is not
included in this figure.)

Some consequences are evident from Figure 2: A 2 MHz wave is absorbed
so strongly during anomalous conditions that it cannot be measured over that
distance. At the same time it is clear, that waves which penetrate increasingly into
the E-layer with increasing wave frequency undergo an increasing amount of
(unwanted) deviative E-layer loss (Bibl and Rawer, 1951; Rose, 1967). As another
example of the response of the transmission path Aranjuez-Arenosillo to low and
Winter anomalous high absorption conditions, 3 relative differential absorption
profiles (l/Ltot)-(dL/dh)-(coscp)_lgp one of them belonging to low absorption
conditions, are displayed in Figure 3.

The propagation paths in Spain and Germany have been operated very close
to Optimum experimental conditions, whereas the path from Meeder (Coburg/
Germany) to Graz (Austria) might have been somewhat shorter, but this was
impossible because of technical difficulties.

As is well known, the daily variation of absorption can be approximated
by a cos” X law according to (Best and Rateliffe, 1938):

L(t) (dB) = Lo(dB) - COS” X(t) (2)
where L(t) is the absorption relative to the absorption-free reference value and X

6 ,9is the solar zenith angle at the time of observation. The exponent ‘ n may vary
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Arenosillo. (Stronger absorbed down-coming wave)

between about 0.5 and 1.5 and determines the shape of the daily curves of absorp-
tion; L0 is the subsolar absorption.

In Figure4 some cos” X curves with different exponents are plotted, which
were calculated as examples for the midpoint of the Aranjuez-Arenosillo path
for 12 January 1976. As is seen from (2) and Figure4 absorption inereases with
decreasing “”n and increasing L0. This property of the daily variation of absorp-
tion must be eonsidered if a suitable parameter, characterizing the absorption
of a whole day, has t0 be defined. If in (2), cos X is chosen as the independent
variable and the expression is integrated from eos X20 t0 cos X: 1, one obtains:

Lo/(”+1):Ä
L(cos X) . d(cos X) (3)

with LO/(n+ 1) being the parameter with the desired features (Rose, 1967).
The actual process by which LO/(n+ l) is determined is quite different from a

real integration: One determines the best fit straight line through all the points
log L(t), log cos X(t) belonging t0 E-layer propagation of the relevant day (e.g.
X <80o for the Spanish transmission paths). The slope of this line equals “n” and
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99 in Equation (2),

Fig. 5. Av_erage variation of the absorption parameters “fi” and “LO/(n+ l)” (and of the sunspot
numbers R) during a year. Average from five years of Observation

the intersection of the line with the ordinate at log cos X20 equals logLO. The
“integrated absorption parameter” LD=LO/(n+ 1) has the advantage that it
merges L0 and “n” in one meaningful parameter. This turns out t0 b6 very useful
for comparison purposes.

The average daily variations of h", LO/(n + 1) and of the Zürich sunspot numbers
R which were obtained from five years of observations (1967/68, 1970/71, 1971/72,
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1972/73 and 1973/74) are plotted in Figure 5. The solid lines are Fourier synthesizecl
by using the coeffieients up t0 the fifth order. Winter-anomalous high absorption
is generally evident between November and February as seen from the high
LÜ/(n-k- 1) values and the relatively large variations of absorption from day t0 day
du ring the Winter season, which d0 not average out even if five years of Observations
are superimposed. At the same time the exponent “ n " is on the average significantly
lewer during Winter too.

The dashed lines in FigureS were obtained from model ealculations whieh
were performed to estimate the influence of deviate absorption (mainly oecurring
elose t0 the level of reflection in the E-region) on the measurements (Rose, 1967).
As far as LÜ/(n+ 1) is eoncerned deviative absorption is of the erder of 10% and
is therefore ef n0 signifieant importance for the conditions found en our trans—
mission path in Spain. The same is true for the absorption LU) as long as it is not
ebserved during those periods in the early morning or late afternoon, when the
waves are deeply penetrating into the E—layer.
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2. The Forecast Capabilities of Ground Based D-Layer Measu‘rements
at the Launching Site and Their Integration into Rocket Borne Experiments

The special task of the A3 receiving station at the E1 Arenosillo launching site
was to announce anomalously high or subnormally low absorption events as
early as possible in order to allow sufficient time for the extensive payload and
launching preparations. Together with the ionosonde and chafT Cloud measure-
ments (Rose et al.‚ 1972a; Rose and Widdel, 1972, 1973) performed at the range,
the A3 measurements were also used to calibrate the rocket borne guarding
probes in terms of electron densities versus height.

Our ability to forecast winter anomalous high or low absorption events are
based on statistical considerations because no other reliable methods for forecasts
exist. In this respect the experience which was gained from the A3 measurements
in Spain during the different previous Winters before the campaign (Rose, 1976)
was of great value. These data were used for model forecasts and reliability
evaluations.

From this experience we decided to define a day of high absorption as a day
for which the average absorption Ä between 11.30 and 12.30 UT was higher than
50 dB for the Aranjuez-Arenosillo transmission path. A day of low absorption
was one in which I: was smaller than 25 dB during that time interval. These two
characteristic values corresponded on a statistical basis to 47 dB and 23 dB as
far as the interval from 14.00 to 15.00 UT was concerned. This time interval was
centered around the different launching times of the rockets.

From inspection of the individual daily variations of absorption during the
different winters before the campaign it was clear, that winter anomalous condi-
tions or normal conditions continued in nearly all cases over the whole day but
changed from one day to the other (if at all). Because of this behaviour no useful
forecasts were possible from one day to the other.

A first indication of the conditions to be expected for a given day could be
anticipated in the morning at about 09.00 UT, however, with low reliability. If,
moreover, the average values for the interval between 09.30 and 10.00 UT were
larger than 40 dB or smaller than 20 dB, the probability that the desired conditions
would be present during the launch period was between 65 and 70 O/0'. If the absorp-
tion of the days were larger than 50 dB or smaller than 25 dB around noon, the
desired conditions were present in more than about 80% of the launching hours.
This outlined procedure worked sufficiently well during the campaign. Only low
absorption conditions did not appear as often as expected from the observations
of the previous winters.

In the upper part ofFigure 6the variation ofthe daily absorption LD z LO/(n + 1)
between December and February 1975/76 is shown for the transmission path
Aranjuez-Arenosillo together with the daily variation of the exponent n’Air
temperatures, densities and pressures measured by the rocket borne chafi" Cloud
experiment (Rose and Widdel, 1972, 1973) are displayed in the lower part of
Figure6 in comparison with the average CIRA 72 values.

From the air pressure values electron collision frequencies were estimated
for D-region heights (Phelps and Pack, 1959) and were used together with the
simultaneously measured (integrated) absorption and the Virtual height of wave



22 G. Rose and l-l. U. Widdel

21- JA NUARY 1975

11 ""'T T—fi+10 i
l

|01 .
WM

— BALERMA

D
|

l l 'l F. ‘Cld1. 0J ._ fi „79%, qoßfaüaäs;_ _ ARENOSILLO

TOR TOSA

_.___+ +— —___.

0600 0900 1000 1100 1200 7300 1400 15'670 1600 1700
U T

Fig. T. Wave-like fluctuations 01 absorption around their associated CDS"): curves 01 best fit a1 the
Ihree Spanish stations observed on January 21, 1976

reflection to calibrate the relative electron density profiles as obtained from the
rocket borne guarding probes. The virtual reflection height was determined by
using the transmission curve technique applied t0 the Arenosillo ionograms with
regard to the Aranjuez—Arenosillo transmission path. A more detailed description
of this method will be given elsewhere.

3. On the Existence of Common Quasi-Periodic Oscillations
of Different Scales at the Separated A3 Stations

From the results collected with the different A3 paths in Spain (from Aranjuez to
Arenosillo—midpoint: 3858" N, 5.21°W, D2424 km; t0 Balerma (Almeria)——
midpoint: 38.380 N, 3.230 W, D=374 km; and t0 Tortosa—midpoint 40.450 N,
1.57”r W, B:360 km) it became Clear that the days of Winter anomalous low or
high absorption generally appeared simultaneously all over Spain (the correlation
coefficient was r = 0.97).

Small deviations of absorption from the best fit smoothed cos" x curves were
observed at the different Spanish stations. Suitably filtered, they could be traced
in some cases t0 irregularities moving at speeds of several tens t0 up t0 about
100 m/s. An example for this type of moving wave-like structure is shüwn in
Figure 7. In this figure the above mentioned deviations (“fadings”) of absorption
around the relevant cos" x curves for the three Spanish stations observed during
21 .lanuary l976 are displayed. The points are average values für each quater/h.
The curves are Fourier-synthesized. Coefficients up t0 the fifth order for the
di5played time interval were used. The average drift velocity of the associated
pattern during thal day (calculated by cross correlation) was about 30 m/s. The
direction of the movement was from the north-east t0 the south-west. The drift
direction can also be estimated by comparing the temporal loeations 01" the valleys
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between about 12.30 and 13.30 UT of Figure7 with the geographic locations 01
the midpoints of the different Spanish paths.

Common quasi periodic oscillations of absorption of the order of 3 weeks
became evident from the spectral analysis Of the daily variations of absorption LD
observed during one year 01" measurements in Spain, Germany and Austria. The
power spectra of the absorption parameters LD of the mentioned widely separated
stationsare shown in a (double) normalized form in Figure 8. Ifthe filtered partial
waves, signifieantly present at all the 3 stations at the same time, are synthesized
(eg. 1 1 a’1 gfg 20a”), maximum and rather similar amplitude variations for all
the three stations were only present during the Winter months starting at about
November 1975 and lasting t0 about the beginning of March 1976 (_see Fig. 9).
Cross correlation calculations including the 100 days from l December—9 March
revealed a drift 01 the associated spatial pattern from the west-north-west t0 the
east-south-east at an average speed of about 3 m/s. This value corresponds
roughly t0 an average wave-length of 5000 km.

Other quasi-periodic oscillations of absorption common t0 all 3 stations
contained spectral components with periods around 7 and about 3.5 days (eg.
40u‘lgf559a‘1 and 95a‘lgf'3115a“). These components exhibited the
same trepd as above: namely large amplitudes are present only during the Winter
months.

The trends of winter anomaly a5 Observed during the year 1975/76 at the
widely separated stations in Germany, Austria and Spain were compared with
each other in different ways: The sums of the annual, half-annual and l/3-annual
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Fig. 10. Trends of Winter anomaly (sums of the annuaLhalf-annual and 1/3-annual waves) for the
widely separated stations at expanded scales

waves of the daily absorption resulted in single winter maxima of these synthesized
trend curves which occurred simultaneously on the Spanish (AranjueZ-Balerma)
and the German-Austrian (Meeder/Coburg-Graz) transmission paths, whereas
the maximum was reached one week earlier in Germany on the Norddeich-
Lindau path. This is evident from Figure 10 where these maxima are displayed
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for Clarity at a rather expanded seale. If one confines the calculations to the simple
sinoidal trends of the 180 days from 24 September, 1975—21 March, ‘1976 only
for these 3 stations, one arrives at exactly the same result as mentioned above.
This corresponds to an average Virtual drift of the whole “absorption front” in
Central Europe during that Winter from the north-east to the south west at a
speed of roughly 80 km/day e.g. 1 m/s.

4. Winds at D-Region Heights and A3 Absorption

Comparisons of the daily absorption with the 'D-region winds which were mea-
sured simultaneously during the last Winters by in-situ rocket experiments between
about 80 km and 100 km show a correlation between Winter anomaly and trans-
port processes at D-region heights. These comparisons were performed by a
special correlation-finding procedure (Rose et al., 1972 b) which resulted in beam
diagrams which indicate the directions in the different heights from which, on the
average, inereasing winds were aecompanied by inereasing A3 absorption.

This procedure was accomplished with all afternoon measurements performed
during the Winter Anomaly Campaign and with all other Winter observations
which were gathered during daytime sinee 1972/73. The oval beam diagrams
obtained for the different heights are shown in Figure 11. They are positioned like
maps with the north at top and the directions from which winds were aecompanied
by the most significant increase of A3 absorption on the average are indicated by
arrows. The circular arcs in the figures represent the 95 % or, if in the case when
two are drawn, the 95 ‘X, and 99% significance levels. The numbers of the mea-
surements available for the different heights are given in brackets below the
indicated height of each individual diagram of Figure 11.

WiNDS AND A 3 A BSORPTION
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There appear to be at least three levels of significance, each separated by about
a scale height. ’lt was further found by comparisons that the directions of maximum
correlations at the different heights were not necessarily the same as the prevailing
wind directions observed in these heights.
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Behaviour of Ionospheric Absorptionm Winter
1975/76at about 52°N, 9°E

H. Schwentek and W. Elling
Max-Planck-Institut für Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. In winter 1975/76, the diurnal variation of ionospheric absorption
was measured daily at 1.73 MHZ and 2.28 MHz by the pulse-reflection
method, and at 2.61 MHz by field—strength recording of the transmitter DAN
of Norddeich Radio. These measurements were made as a contribution t0 an
Aeronomy Programme carried out mainly at E1 Arenosillo (Spain) in
J anuary 1976. The behaviour of Characteristic absorption data in the period
March 1975 t0 September 1976 is presented and discussed. It is stressed that
the term “winter anomaly” can be applied t0 the variation of many parame-
ters of the middle atmosphere, ionospheric absorption being only one of
these.

Key words: Aeronomy — Ionospheric absorption — Winter anomaly.

Introduction

As a contribution to an Aeronomy Programme carried out in January 1976 at
El Arenosillo, Spain, at Lindau, continuous measurements of ionospheric ab—
sorption were made. This work was mainly done from a synoptic point of View,
using the behaviour of absorption as a diagnostie tool, in order t0 Check to
which extent the behaviour of absorption at El Arenosillo would be similar t0
that at Lindau, particularly, as far as excessive absorption, pointing t0 winter-
anomaly conditions (Schwentek, 1976) is concerned. What could be expected?
From synoptic studies it was clear that El Arenosillo, situated at 38°N, is near
the southern border of the winter-anomaly zone (Elling et al., 1974; Schwentek,
1976). Moreover, the aeronomy programme had t0 be carried out near sunspot
minimum, when the amount of winter-anomalous absorption is lowest (Röttger
and Schwentek, 1974). Thus, the probability t0 meet winter-anomaly conditions
was low. But monitoring absorption at Spain, conditions of winter—anomaly
could be and were detected there (Rose and Widdel, 1977).
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Concerning a eorrelation between the behaviour of absorption at Lindau
(52.6°N) and E1 Arenosillo (38°N), it was shown earlier (Sehwentek, 1974), that
at the distanee of 2000 km between Lindau and El Arenosillo, in general, the
threshold of significanee for a correlation is reached, but that just for these two
stations still a signifieant eorrelation could be expeeted.

In this paper, the data obtained at Lindau are only diseussed with respeet to
the behaviour of absorption at Lindau. But the data were made available to
some other participants in the eampaign mainly for eorrelation analysis.

A Remark Concerning the Term “Winter Anomaly”

Since the aeronomy programme earried out at E1 Arenosillo/Spain was mainly
aimed at the study of the “winter anomaly”, it seems to be reasonable to recall
shortly the anomalous phenomena oeeurring in winter at middle latitudes.
Originally, the term winter anomaly pointed to the faet that the seasonal
variation of absorption of radio waves in the ionosphere does not depend merely
on solar zenith angle x. Whereas absorption is eonstant for eonstant X at low
latitudes, at middle latitudes it shows a eonsiderable enhancement in winter, and
very often superimposed exeessive values. Moreover, during days of exeessive
absorption, the refleetion heights are found to be relatively low, about 80 km, as
was pointed out already by Dieminger (1952).

Considering other parameters of the middle atmosphere than- absorption
whieh are available as time series, as, for instanee, the maximum eleetron density
of the E layer, a very similar behaviour was found as for absorption; the same is
true for stratospheric temperature (stratospheric warmings) Sehwentek (1968). In
other words, at temperate latitudes, the entire middle atmosphere, shows a more
or less anomalous behaviour in Winter. An effeet should be found also on other
parameters as atmospheric temperature, pressure, composition, wind systems
etc. Sinee the variation depends on time as well as on space a region should be
considered with a diameter of at least 2000 km, or even the entire Northern and
Southern Hemisphere. As a matter of fact the events of exeessive absorption
appear as weather-like phenomena of regional extent distributed in patches over
the entire middle latitude band of a hemisphere (Sehwentek, 1974).—Finally,
even if the partieular eleetron-density profiles appearing during winteranomalous
days may be attributed to corresponding height profiles of NO, as is suggested,
it remains still unelear, how these particular NO profiles were produeed, and
how they are geographically distributed. This point is made in order to eneourage
a synoptic study of the NO distribution.

Methods of Measurement and Data Reduction

At Lindau, measurements were eontinued at 2.61 MHZ, at oblique ineidenee of
the waves, by recording the signal strength of the transmitter DAN of Nord-
deich Radio. By means of a statistieal counter, frequency distributions of Signal
strength were produeed for every half an hour (Sehwentek, 1966). Simul-
taneously, measurements were made at 1.73 and 2.28 MHz, at vertieal ineidenee,
applying the pulse-refleetion method; the equipment used was the same as
earlier on board a ship (Barke et al.‚ 1974). Details coneerning the methods ean
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Table l. Number of days and percentage of ranges in the correlation coefficients calculated from
daily regression lines logL vs.— log cos x

A: 2.61 MHz; summer: 21 June—22 September 1975 plus 22 March-22 June 1976. B: 2.61MHz;
winter: 23. September 1975—21 March 1976. C: 1.73 MHZ; winter 11 November 1975—21 March 1976.
D: 2.23 MHz; winter: 11 November 197541 March 1976. C and D: corrected for r

Correlation 10 0.95— 0.90— 0.85— 0.80— 0.75— 0.70— 0.65— <
coefficient 0.951 0.901 0.851 0.801 0.751 0.701 0.651 0.601 0.60

A (days) 37 69 31 30 5 3 0 2
% 20.7 38.5 17.3 16.7 2.8 1.7 1.1 0 1.1

B (days) 31 50 21 20 18 8 6 6 20
% 17.2 27.8 11.7 11.1 10.0 4.4 3.3 3.3 11.1

C (days) 41 43 20 14 4 4 2 2 3
% 30.8 32.3 15.0 10.5 3.0 3.0 1.5 1.5 2.2

D (days) 40 32 24 12 12 2 1 3 4
y, 30.8 24.6 18.5 9.2 9.2 1.5 0.8 2.3 3.1

be found in the Manual of Ionospheric Absorption Measurements edited by
Rawer (1976).

The photographic recording of the reflected pulses used gives not only
absorption data, but also accurate heights of pulse-reflection. The shapes of the
reflected pulses give hints on irregularities in the layers, and on dynamic
processes.

Data reduction was carried out by electronic desk calculators. The diurnal
variation of absorption L(t) was approximated by the equation

L(f; t)=Lo COS”X(t-T)‚ (1)
with f operational frequency, t time, X solar zenith angle, r a delay time, L0
subsolar absorption.

Characteristic values of the diurnal variation are subsolar absorption L0,
exponent n, and absorption at cos X =O.2; these data were obtained from plots of
log L vs. —logcos X- Consecutive median values of five half (or quarter) hours
were used to determine automatically the regression line. Experience showed
that this special procedure gives the most reliable data for characterizing the
average behaviour of absorption for each day and that short deviations in
absorption due to local or solar effects are eliminated. Calculated distributions
of correlation coefficients are given in Table 1. They show a rather regular
behaviour in the diurnal variation of absorption in summer, and a larger soatter
during winter, thus pointing to partieular, disturbed conditions in the lower
ionosphere. That is, the correlation coefficient may be considered to be a
measure of the regularity or irregularity, respectively, of the diurnal variation of
absorption.

The daily average of r, which was applied to the data obtained by vertical-
incidence pulse-amplitude measurements, was determined as follows.

At first, consecutive median values of absorption, L, were calculated for sets of
every 5 consecutive absorption values floating over the entire diurnal variation.
From such values, a series of regression lines logL(t)-—-logL0+nlogcosx(t—r)
was determined, varying r until the standard deviation of the data pairs
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logL vs—log eosx reached a minimum. Then, the corresponding value of I is
the wanted delay time. A comparison of the data in Table l shows that the
procedure of taking into account T leads to better eorrelation coefficients (C, C);
such a computation, however, is time eonsuming.

Results of Measurements

A survey on the behaviour of absorption at constant zenith angle 95:78.50,
L(COS X =0.2), in winter 1975/76, is given in Figure 1. Values L(Cos X202) may be
considered as a eharaeteristie parameter of the day. Since the period March
1975—September 1976 is near sunspot minimum, in summer (21 March—21
September) L(cos 1:0.2) is nearly eonstant Showing a pronounced minimum in
April (see also Schwentek, 1971b). A weak period should be noted; it is not yet
quite clear whether it is signifieant or not. In Winter 1975/76, again the well
known two types of absorption were found: the regular increase of absorption
until the winter solstice, then the decrease until the end of March, and,
superimposed on this regular trend, days of excessive absorption (Sehwentek,
1971a)

Concerning the correlation of these data with those obtained at E1 Areno—
sillo see the analysis made by Rose and Widdel (1977).

In Figure2 the variation in Winter of reflection height h’ (upper part), and
absorption at cos 120.2 (lower part) is shown for the frequency 1.73 MHZ. It
shows that, in general, periods of days, or single days, of exeessive absorption
correlate with the occurrence of low reflection heights. This indieates that during
extreme winteranomalous conditions increased eleetron densities at lower
heights have to be expected. This correlation can be understood by considering
electron-density profiles obtained from rocket-measurements in summer, and in
Winter, Showing in winter a marked enhaneement of electron concentration
between 78 and 88 km (Dickinson et al., 1976). Correspondingly, during con-
ditions of excessive winteranomalous absorption, at 1.73 MHz, and partly also at
2.28 MHZ, stable reflections from heights between 70 and 85 km have been
observed, the amplitudes of echoes simultaneously reflected from heights above
85 km being very weak because of strong deviatire absorption; that is, the
associated profiles are thought to have ledges in the 70—85 km height range
oausing strong partial reflections.

The electron-density profiles presented by Dickinson et al. (1976) show also
that the height gradients of electron density dN/dh, considered at 1.73 and
2.28 MHz, (electron densities 3.7><104 and 6.5x104el/cm3, respectively) are
greater in summer than in winter. Because the deviative absorption is inversely
proportional to dN/dh, the deviative absorption near the point of reflections is
greater in Winter than in summer. That is, in Winter, in the morning and
afternoon, the used operational frequencies are often rather near to E-layer
critical frequency.—It was thought and discussed to eheck at El Arenosillo
during the Winter anomaly campaign the relation mentioned above between
absorption, heights of refleetion, and electron-density profile in detail by com-
bining a multifrequency absorption measurement and a partial reflection
measurement. But these experiments could not be carried out.
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Fig. l. Absorption in the ionosphere at a constant zenith angle X=78.45°‚ L(cos X =O.2)‚ derived from
the diurnal variation of each day in the period March 1975 —September 1976. Method A3 (field—
strength recording), frequency f =2.614MHz‚ distance transmitter—receiver d=296 km; equivalent
frequency 1.510.25 MHZ corresponding to virtual heights of reflection of 105 i25 km. The point of
reflection is at 52.6°N‚ 8.7°E. In summer, the included curve was drawn according to overlapping
median values taken for 15 days periods; in winter, however, the regular seasonal variation is
tentatively shown; on this the excessive, winter-anomalous absorption is considered to be super-
imposed.—BII, day on which the payload BII was launched at E1 Arenosillo/Spain. U uncertain
value. E extraordinary diurnal variation

In Winter the’average height of reflection at noon is 103 km at 1.73 MHZ, and
124 km at 2.28 MHZ.

In Figure3 the seasonal variation of an average of exponent n is presented.
This exponent may be considered as the basic parameter for deseribing the
diurnal variation of absorption. It depends not only on season, but also on
geographie latitude, operational frequency, and angle of incidenee of the radio
wave. Two features should be noted in Figure 3, a wave-like variation, and a
winteranomalous enhancement with a maximum around 15 January. It should
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Fig. 2. Upper part: Daily mean values of apparent height of reflection h’ taken from the time spans
-1_-18 min around the time of cosx=0.2 in the morning and in the afternoon; method A1 (vertical
incidence), f: 1.73 MHz. Lindau: 51°39’N; 10°7.5’E. Lower part: Daily mean values of absorption
taken from the time spans i18 min around the time of cosx=0.2 in the morning and in the
afternoon. —Open circles indicate days of very low reflection heights and high absorption

be remembered that also the excessive values of L(cos 120.2) show a tendency
to occur preferably in January, while the smaller values show a maximum
centered around Winter solstice.

The wave-like variation in the n values, as well as in LO and L(cosx=0.2)
values, was analysed. The power spectra obtained from a Fourier analysis shows
predominent periods occurring simultaneously in the time series of L(cos X =O.2)‚
L0, and n. The periods vary between 84 and 92, 28 and 30, 19 and 22 days.
Applying a bandpass digital filtering (Kertz, 1965) using the above mentioned
bands, average periods of 88.5, 29.5, and 21.5 days were found. The period of
88.5 days is the most dominant in the n values, and was observed throughout the
observational time span. The periods of 29.5 and 21.5 days emerged only during
the Winter. It is interesting t0 note that the period of 88 days is the siderial
period of Mercury, that of 29.5 days the synodial period of the Moon. However,
this fact may be mentioned here without discussing whether this correlation is
merely accidental, or not.

The enhancement of n in Winter has to be considered as a distortion of the
periodic variation in n, pointing to an additional physical process superimposed
on the process causing the wave-like variation.

It should be recalled that exponent n has a physical meaning, while subsolar
absorption L0 is a formalistic factor, which becomes physically meaningful only
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Fig. 3. Seasonal variation of an average value of exponent n. The plotted data were obtained from
daily n values; f =2.61 MHZ. For every 15 or 16 days, starting with the period 5—21 March 1975, and
proceeding in steps of about 8 days, the lower and upper quartile values were determined, and then
the mean values of all the n data between the 2 quartile values were calculated. A similar result can
be obtained also using the median values of the quoted periods. The curve was drawn tentatively to
show the wave-like variation in the seasonal behaviour of exponent n; the mean period obtained
from the plot is about 96 days. Note that the maximum in Winter occurs at 15 January, that is about
4 weeks delayed related to the Winter solstice

at latitudes where the solar zenith angle becomes 0; this occurs at latitudes
between 23.5o North and South to the equator. In this region L0 is really the
measured subsolar absorption. It can be shown that L0 may be presented as a
function only of exponent n. This relationship will be presented and discussed
elsewhere.

A comparison of the seasonal variation of L(Cos X=O.2) at 1.73 MHZ,
2.23 MHz, and 2.61 MHz (equivalent frequency 1.5 i025 MHz; heights of re-
flection varying from 80—140km) showed that the day—to—day variation is
rather similar. The lowest frequency 1.73 MHz, however, reacted most sen-
sitively on winteranomalous conditions, that is, showed the largest variation in
absorption values.

Comparing Figure 1 and Figure 3 the long, weak poriods in L(cos X =0.2) and
n appear to be out of phase. An analysis showed that the optimal correlation
coefficient (:0.47) is obtained when values of L(cosx=0.2) are shifted by 42
days against the n values. This result is reasonable, for, from plots logLvs.
—log cos X it is clear that, in general, a small n gives a high L(cos X=0.2)‚ and
Vice versa. Using the data obtained from the measurements made at 1.73 and
2.28 MHz, it was studied whether the delay time r might be correlated with
exponent n. The correlation coefficient is 0.04, it is not signifioant.

A correlation between atmospheric pressure at ground and the behaviour of
ionospheric absorption might perhaps emerge. Very probably, it will be signifi-
cantly observed only every tenth winter, but, in general, does not seem to exist
(Schwentek, 1974). Therefore, during Winter 1975/76, at Lindau, by means of a
micro-barograph (sensitivity 3.75 mm per millibar), also atmospheric pressure at
ground was reoorded. A significant result did not reveal; this may be due also to
the unregular behaviour of atmospheric pressure in Winter 1975/76 which shows
no particular wave-like variation.
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Observations of the Oxygen Green Line Airglow
during the Winter Anomaly Campaign 1975/76
H. Lauche
Max-Planck-Institut für Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republik of Germany

Abstract. Airglow emission of the E-layer has been observed from the ground
during the Winter Anomaly Campaign 1975/76. It has been established by
earlier in situ measurements that the brightness of the oxygen green line
is proportional to the seoond power of the oxygen density. A ground-based
photometer was used for monitoring the oxygen density. A relationship
between emission rate B 1:557‘7 „m and radio wave absorption was found.

Key words: Airglow -—- Radio wave absorption.

Red and green oxygen emission from the upper atmosphere was measured
from the ground by means of a 4-channel all-sky scanning photometer at Areno-
sillo, Spain, during the Winter anomaly campaign 1975/76. Two of these channels
were tuned to the emitted wavelength; the other Channels were used to measure
simultaneously the baekground continuum. The line channels and the back-
ground channels were matched to give the same response over a wide range
of incident photon rate. The photon rate from the background channel was
subtracted automatically.

Even when the background brightness was more than 20 times stronger
than the line emission, it was possible to measure the line intensity. The sensitiv-
ity of this photometer was very stable and checked daily (291—3 counts per
Rayleigh). In this way it was possible to make reliable observations even under
hazy conditions close to full moon. The great number of measured points
in the sky permitted a fairly good approximation to the transmission of the
lower atmosphere. The loss of light can be recalculated when the vertical trans-
mission is better than 0.5.

The oxygen green light is emitted from 1S state. This state is produced
by the Chapman or the Barth mechanism [Chapman‚ 1931 ; Barth et a1.‚ 1961].
Both mechanisms give approximately the same production rate of 0 (IS).

Due to the long lifte time of this state (see Fig. 1) exited atoms are partly
quenched by collisions. Recent measurements have shown that atomic oxygen
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is the most important quencher [Offermann and Drescher, 1973; Slanger and
Black, 1976]. Quenching by O2 and N2 can be neglected.

The rate of emission I ‚1: 557,7 „m obeys the following equation:

1 _ Kitor
2.557,7nm_1+K2[0]

—1300

[Photons cm‘ 3 s‘ l]

Kl z 1,4 ><10‘30 e ( > [cm6 molecule‘2 s’ 1]

— 061 ) [cm3 molecule“2s‘1]K2=5X10*11€(—ET—

Variations of the emission rate are caused by changes of either the oxygen
density or the neutral gas temperature.

When starting airglow observations at the beginning of the winter anomaly
campaign, we expected higher quenching after times of anomalous high absorp—
tion, due t0 heat flux from lower layers.

Upon comparing variations of airglow intensities and of radio wave absorp-
tion, correlated periodic variation of about l t0 2 h were observed with both
methods, (see Fig. 2); the correlation coefficient was 0.73 with absorption lagging
about 12 h behind the airglow.

The regular behaviour of both effects makes it possible t0 predict radio
wave absorption from the observed nightglow. A typical example is shown
in Figure 4.

During the night a strong increase of emitted light was measured and about
half a day later strong radio wave absorption was observed.

Changes of oxygen density are probably one important source winter ano-
maly effects.
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For future experiments, ground-based equipment capable of determing tem-
peratures in the emitting region would be very helpful.
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Co—Ordinated Meteor Wind Observations from
Sheffield during the January 1976 Winter Anomaly

Heinz G. Muller* and Simon P. Kingsley
Department of Physics, University of Sheffield, Sheffield S3 7RH, United Kingdom

Abstract. Ground based upper atmospheric wind measurements in the
80—1 10 km region were made at Sheffield on three specific occasions during
the E1 Arenosillo Winter anomaly campaign in January, 1976. The radio
meteor method employed in this study is described in some detail. Preliminary
results indicate that appreciable wave activity was present throughout the
duration of the campaign. There is little evidence, though, from the structure
of the prevailing winds for significant NS air motions which are currently
thought t0 be responsible for the transport of nitric oxide and other minor
constituents from the auroral zone toward mid latitudes during a Winter
anomaly. Such transport may, however, have been effected by large scale
wave motions, with periods of the order of 20 days, whose presence is
suggested by the Sheffield data.

Key words: Wind velocity measurement — Wind profiles — Diurnal varia-
tions — Periodic variations — Atmospheric circulation —— Meridional flow
— Ionospheric disturbances.

Introduction

Past investigations of upper atmospheric winds by the radio meteor method
have shown that the dominant wind systems have a distinctly periodic Character.
Apart from the well known diurnal and semidiurnal tidal oscillations variations
with periods in excess of one day are quite common (Muller, 1972; Muller
and Kingsley, 1974). While at lower altitutdes the wind is essentially zonal
appreciable meridional components are observed at meteor heights and it has
been argued that the meridional flow may be responsible for the transport
of nitric oxide (NO) and other minor constitutents from the auroral zone t0
temperate latitudes. NO and other constituents may thus travel considerable
distances during their lifetime bringing about the photochemical and electron
* T0 whom offprint requests should be sent
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density changes associated with a Winter anomaly. The so called prevailing
wind (often no more than an unresolved component of a long period wind
oscillation) may also be considered as a means for NS atmospheric transport.
It is therefore of paramount importance to examine both the prevailing and
periodic wind components over a wide geographie area at such times when
the nature of other atmospheric parameters, for example D-region absorption,
indicate the development of a Winter anomaly.

Such efforts were made in a co-ordinated experiment during the El Arenosillo
winter anomaly campaign, January, 1976, involving three meteor wind stations,
at Sheffield (U.K.), Garchy (France) and Bologna (Italy), respectively. Although
the techniques employed at these stations differ slightly amongst themselves
data of identical quality, with similar spatial and temporal resolution, have
been obtained over sufficiently long periods of time to allow a good description
of neutral winds over a NS baseline of nearly 1000 km. The meteor wind mea—
surements were supplemented by ionospheric drift measurements from Naney
and St. Cassien thus increasing the amount of information available on the
general atmospheric cireulation in the upper mesosphere and the lower thermo—
sphere.

The present report describes the measurements conducted during three spe—
cific periods at Sheffield in January, 1976. Reference is made, in particular,
to the presence of meridional wind components as a possible means of transport
for minor atmospheric constituents. It is Clear that the Sheffield results will
become more meaningful when Viewed synoptically with those obtained else-
where. A co-ordinated study of the Winter anomaly results is already in progress
and will be reported on during the next Cospar meeting at Tel Aviv in June,
1977.

Technique i

Measurements of neutral air motions in the region 80—110 km can now be
carried out at Sheffield on a routine basis with the use of a 36 MHZ coherent
pulse Doppler radar. The transmitter has a peak power of 200 kW and is
operated in short pulse (25 us) mode alternately on two Yagi—Udah aerial arrays
directed NW and SW, respectively. Echoes from meteor trains are received
by two interferometers, one facing NW, the other SW, and a phase comparison
between the transmitted and received Signals allows the radial velocity of a
meteor train to be measured with an accuraey of i 2 m s’ 1. The phase informa-
tion on the echo wave available from the two interferometers forms the basis,
together with the echo range from the pulse delay, for the computation of echo
heights in the two preferred directions with a resolution of i2 km. lt is thus
easy to calculate the horizontal wind flow for each echo from the measured
radial velocity and by recording echoes sequentially a meaningful vertical wind
profile may be established within about 15—20 min. An example of wind data
obtained in such a fashion during the January, 1976 Winter anomaly eampaign
is shown in Figure 1. It is seen that individual wind components can be resolved
without appreciable data gaps between 80 and 120 km altitude. The apparent
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Meteor Winds from Sheffield
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scatter in the data is currently interpreted in terms of the limited height resolution
of about 2 km while it is known from rocket vapour trail experiments that
wind shears of about 50 m s— 1 quite commonly occur over a height of about
1 km. It is worth pointing out that the number of available meteor echoes
varies appreciably in the course of a day. At times near the maximum (about
06.00 local time) the hourly rate may be 50 times that near the minimum
(about 18.0010cal time) with a consequent data loss in the hours of the afternoon,



|00000054||

42 H.G. Muller and S.P. Kingsley

affecting in particular the top and bottom of the meteor region because of
the uneven echo number distribution in the vertical. The data profiles shown
in Figure l relate to times of average meteor activity when a quasi-instantaneous
wind profile may be obtained without difficulty. A lower meteor rate would
necessitate longer recordings, of up to l h, in order to cover smoothly the
whole vertical extent of the meteor region. Unfortunately, the wind structure
tends to vary apppreciably from hour to hour such that recordings have to
be limited to a maximum length of about 20 min. It is therefore customary
to accept the data loss at certain heights and average within finite height intervals.
The present results have thus been grouped into 3 main intervals such that
continuous data time series are made available for three average heights. This
appears adequate for the description of large scale wind features required in
this study.

These time series are harmonically analysed in order to determine tidal
components and, when of sufficient length are subjected to spectral analysis
involving best fitting polynomial curves to the raw data.

The data at Sheffield are at present displayed on a 24 channel U.V. chart
recorder. Information is extracted from the Charts manually prior to computer
processing which causes considerable delay in the production of the final results.
It was therefore impracticable to record continuously during the whole cam-
paign; instead the Sheffield radar was operated on three occasions for limited
periods (between 2 and 3 days) while intensive observations were taking place
at other stations involved in the winter anomaly campaign.

Results

Recordings of meteor winds from Sheffield took place during the following
intervals in January, 1976: (i) from 17.00 on the 4th to 20.00 on the 6th,
(ii) from 15.00 on the 15th to 15.00 on the 17th, and (iii) from 17.00 on
the 20th to 17.00 on the 23rd. All times quoted in this report are universal
time (G.M.T.). The difference between U.T. and local mean time may be
neglected for the present purposes since it is only 6 min.

In order to facilitate a general comparison of the data with those obtained
elsewhere average winds have been computed for the whole of the meteor
region by using all the measurements, regardless of altitude. These correspond
to an average altitude of about 97 km, an altitude where the distribution of
echo numbers shows a pronounced peak for the Sheffield radar system. Polynom-
ial curves have been fitted to the raw data, using a least square method, and
these are shown, for the NE and SE components, respectively, in Fig. 2. All
curves indicate a pronounced semidiurnal variation which may be attributed
to the effects of the solar tide. Diurnal variations, though not conspicuous
in the curves, are resolved by harmonic analysis. Individual trends in the data
are well marked and are now understood to be the effect of unresolved oscilla-
tions whose periods exceed the lengths of the data series. By averaging all
velocities over each period of observation the so called prevailing wind is ob—
tained. Notations in this report conform to the ionospheric convention such
that a positive NE amplitude represents a wind blowing toward the NE.
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Table l. The semidiurnal tide during January, 1976

Date Altitude NE SE U v
(km)

Phase Amp Phase Amp Phase Amp Phase Amp
(de- (ms‘l) (de- (ms“) (de— (ms—1) (de- (ms’l)
grees) grees) grees) grees)

4—6 76—90 165 22 273 20 215 18 131 24
4—6 91—104 133 18 225 41 201 31 68 32
4—6 105—1 18 139 27 216 34 183 34 79 27

15—1 7 Av. 97 270 25 333 28 304 32 205 19

20—23 76—90 255 23 354 26 308 22 213 26
20—23 91—104 220 29 307 33 267 32 170 31
20—23 105—1 18 200 23 279 31 247 29 139 24
20—23 Av. 97 226 24 305 26 267 28 173 24

Table 2. The diurnal tide during January, 1976

Date Altitude SE NE U V
(km)

Phase Amp Phase Amp Phase Amp Phase Amp
(de- (ms—1) (de- (ms—l) (de- (ms—1) (de- (ms“)
grees) grees) grees) grees)

4—6 76—90 262 7 167 14 194 1 1 321 12
4—6 91—104 196 6 124 9 153 9 265 7
4—6 105—118 284 17 91 4 288 9 281 15

15—17 Av. 97 228 7 249 4 235 8 204 3

20—23 76—90 252 9 209 7 234 1 1 299 5
20—23 - 91—104 38 7 247 6 236 3 52 9
20—23 105—1 18 141 7 287 11 250 5 120 12
20—23 Av. 97 87 7 215 6 273 4 156 7

The data for January 4—6 and 20—23 were recorded while extensive rocket
experiments were under way at E1 Arenosillo. Because of the importance of
these particular periods we have conducted data analysis for 3 individual height
regions in order t0 examine the vertical propagation, or their absence, of the
periodic wind components. For the middle period, January 15—17, only average
wind parameters for a mean height of 97 km have been investigated.

The results of harmonic analysis of the data series for the various periods
of observation have been condensed in 3 tables. Table 1 contains information
on the semidiurnal tidal oscillation which is the most pronounced at all altitudes.
The data show that the tidal wind may be represented by an elliptically rotating
vector with an amplitude of about 20—30 m s‘l with the phase of maximum
velocity toward N near 06.00 local time. Phase variations in the vertica1 are
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Table 3. The “prevailing” wind during January, 1976

Date Altitude NE SE Total Mag. Direction U V
(km) (m s’l) (m s‘l) (m s’l) E ofN (m s‘l) (m s‘l)

Degrees

4—6 76—90 30 — 5 30 35 l7 25
4—6 91—104 34 ——13 36 24 l4 33
4—6 105—118 24 — 2 24 41 16 l8

15—17 Av. 97 —1 6 6 144 4 ——5
20—23 76—90 l3 6 l4 70 13 5
20—23 91—104 12 l 12 50 9 7
20—23 105—118 8 2 8 59 7 4
20—23 Av. 97 l3 3 14 58 12 7
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Fig. 3. Best fitting long periodic sinusoids t0 three pairs of meteor wind data sets recorded at
Sheffield during the E1 Arenosillo Winter anomaly campaign

eomparatively small, the steady trend in the data indicating that we are dealing
with a propagating mode of large vertieal wavelength.

Table 2 shows the results relating t0 the diurnal tidal wind oscillation. Its
amplitude is generally smaller than that of the semidiurnal oscillation and the
phase appears t0 be variable.

The so called prevailing wind eomponents are described by the data shown
in Table 3. It is evident that from Sheffield the prevailing wind had an amplitude
of about 20 m s‘ 1 directed almost due NE during January 4—6, falling to about
6 m s‘l t0 the SE during January 15—17, and rising again t0 about 14 m s’ 1,
direeted NE during January 20—23. There is little vertieal strueture in the prevail-
ing wind. It is seen that NS winds exist at certain times which is of partieular
interest with regard t0 the possible transport of NO and other minor constituents.

In an attempt t0 resolve oseillations with periods exceeding the length of
each individual meteor wind run we have fitted sinusoids t0 the data which
match the trend that is evident in the polynomial curves shown in Figure l.
It was found that sinusoids of constant amplitudes could only be fitted when
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their periods had very specific values. Figure 3 illustrates the method used where
it is seen that for both the SE and NE wind components sinusoids of comparable
amplitude and almost identical period fit the observed wind variation. Although
the method is somewhat artificial in using a sinusoid of one particular period
instead of a more complex waveform the resulting oscillation is comparable
with those caused by the presence of planetary waves during the Winter season.

Discussion and Conclusion

Although the measurements of winds from Sheffield during January, 1976 were
intermittent it appears fair to draw attention to the general absence of pro-
nounced NS air motions, while the Winter anomaly was in progress, which
could account for significant transport of minor constituents from the auroral
region. The important aspect is the maintenance of such transport over suffi-
ciently large distances during the lifetime of such constituents whose lifetime
exceed the order of about one day. Although the prevailing winds were strong
at times they generally blew into unfavourable directions as far as the meridional
transport is concerned. Tidal oscillations, though represented by large amplitude
winds, have insufficiently long time scales to effect coherent mean transport
over large distances. One would therefore tend to look for the presence of
long period wind oscillations of sufficient amplitude, such as associated with
planetary waves, as an effective means of transport. There is some evidence
that these may have existed during the January, 1976 Winter anomaly as seen
by the trend in the data shown in Figure 3. An amplitude Of about 20 m s’1
may be just sufficient to cause meridional displacement over the expected latitu-
dinal range south of the auroral zone. We are conscious though, that a detailed
study of planetary wave structure, apart from the need for continuous recordings
over long periods, depends on the synoptic analysis of data recorded simul-
taneously in different locations. It is gratifying to note that such an analysis
is already in progress and we are now awaiting its results with considerable
Interest.
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Winter Anomaly —
Trace Constituents Sounding Rocket Campaign
Daytime Neutral Wind Measurements
in the Mesosphere and Lower Thermosphere

D. Rees *‚ P. Rounce, and T.L. Killeen
Department of Physics and Astronomy, University College London, Gower Strect,
London, WClE 6BT, Great Britain

Abstract. During the Winter Anomaly project 3 neutral wind profiles were
obtained in the upper mesosphere and lower thermosphere, using lithium
trails released from Petrel rockets. These daytime profiles, one in the first
salvo (Jan. 4, 1976) and two in the second salvo (Jan. 21, 1976), extended
the altitude range of neutral wind coverage during the project from 90
to 135 km. The purpose of these measurements was to examine the dynamical
behaviour of the higher regions of the atmosphere and ionosphere at time
of occurrence of winter anomaly, overlapping, at the lower extreme of the
technique, with data obtained from the chaff Cloud technique.

The experimental technique of the daytime wind experiment is deseribed
in this paper, as are the preliminary wind results of the 3 B VI experiments.
Initial assessment of the 3 wind profiles obtained shows that a strong north-
ward shear occurred in the altitude range 90—150 km, with maximum north-
ward winds of 80—120 m s’1 between 100 and 104 km on each occasion.
We are examining the possibilities that these features are indicative of either
gravity wave or large scale circulation disturbances of the E region (lower
thermosphere) associated with the D region winter anomaly condition.

Key words: Daytime mesospheric/thermospheric winds — Lithium trails —
Winter anomaly.

Introduction

One of the aspects of the comprehensive studies of the atmosphere and iono—
sphere eonducted during the Winter Anomaly campaign at Arenosillo, Spain,
during January and February 1976, was the measurement of the atmospheric
dynamics in the mesosphere and lower thermosphere. These studies were carried
out to assess the possible role of atmospheric dynamics in generating the Circum-

* To whom offprint requests should be sent
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stanees under which the anomalous atmospheric condition develops, or else
to determine the nature of any dynamical or Circulation disturbanees which
may occur as a result of alternative causes of the Winter Anomaly condition.

One example of the possible role of atmospheric dynamics would be the
advection of air towards middle latitudes from a high latitude region where
its eomposition might have been significantly modified (i.e.‚ Nitric Oxide en-
hancement) by prolonged exposure to a region of enhanced auroral electron
precipitation.

Alternatively‚ in a local mechanism of Winter Anomaly generation, an atmo-
spheric disturbance inducing significant thermal or density fluctuations from
a normal Situation would be likely to generate, by pressure gradient and Coriolis
forces, a local dynamical disturbance large enough to be identified as a significant
departure from the normal pattern of atmospheric winds.

During the West German Winter Anomaly project, Chaff releases (Skua-
rockets) and parachute sondes (Loki-darts) provided a synoptic background
of atmospheric dynamical behaviour in the stratosphere and mesosphere (up
to 90 or 95 km) throughout the duration of the project. To determine the
dynamical conditions above 90 km with more precision, and to extend the
limit of monitoring of atmospheric dynamics into the lower thermosphere (up
to 130—135 km), 3 additional Wind measurements were made on the ‘salvo’
days, one on January 4, two on January 21. These measurements, by the ‘daytime
lithium trail’ technique, will be used, in coordination both with lower altitude
synoptic Wind data, and with measurements of other atmospheric parameters
such as the composition, temperature and density of both ionised and neutral
species, to complete the picture of atmospheric dynamics at the time of day
of the salvo launches (1600—1800 Local Time), and thus to determine the role
of atmospheric dynamics in Winter Anomaly production, and the extent to
which any associated atmospheric disturbance propagates upwards, above the
D region, where it would not be observable by conventional ground-based
techniques.

Experimental Technique

The rocket—borne technique for measuring neutral winds during daytime in
the mesosphere and thermosphere is based on the observation of an alkali
trail release, illuminated by sunlight, from the ground or aireraft, by means
of either scanning photometers or cameras respectively (Best 1970, Bedinger
1970, Rees et al. 1972, Bedinger and Mills 1977) of high spectral and spatial
resolution which discriminate the resonance emission of the alkali trail against
the bright daytime sky.

Up to the present only about 15 to 20 such daytime Wind profiles have
been obtained by both techniques, due mainly to the high cost and complexity
of the instrumentation required to observe the daytime releases eompared with
the simple camera systems which are adequate to observe twilight and night-time
Chemical releases. Lithium has generally been ehosen as the alkali atom for
daytime Wind measurements. This is due to the large Doppler bandwidth of
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the lithium atom (low atomic weight) and the high transitional probability
of its resonance wavelength (670.8 nm) coupled with the relatively lower intensity
of the daytime sky in the extreme red of the spectrum, and the absence of
any significant solar or terrestrial Fraunhofer lines at the lithium wavelength
which would reduce the available illumination. Other candidate alkalis, such
as sodium or barium, compete at their resonance wavelengths with deep Fraun-
hofer lines and a greater sky brightness, although both are in fact adequately
bright for Observation under perfeet conditions.

The lithium vapour trail is generated by a thermite burner (Fig. l), mounted
für these experiments under a fixed nose-cone on a Petrel rocket. The 7 kg
thermite burner produces an Optically thick trail over a period well in exeess
of 120 s. With a release altitude of 80—83 km as for these experiments, a bright
trail is then produeed over the complete upleg portions of the trajectory, and
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continuing over apogee and downleg, t0 approximately 110km altitude. In
order t0 mateh as accurately as possible‚ the trajectories of other rockets in
the Winter Anomaly project, the payload was ballasted by a heavy nose-eone
structure t0 an all-up weight of 16.8 kg, producing apogees of the order of
130-135 km for the three B VI flights.

The design of the dual channel differential photometers used in the Winter
Anomaly Campaign is shown in schematic form in Figure 2. Each channel
of the optical system is carefully matched and co-aligned and the analogue
outputs of the two photomultipliers are fed t0 a differential amplifier. One
of the interference filters, of 0.3 nm bandwidth (F.W.H.H.) is tuned t0 the
wavelength of the lithium resonance line (670.8 nm) and the second filter is
tuned t0 about 0.5 nm on the short wavelength side of the lithium line (670.3 nm).

When the optical system is matched and the differential amplifiers are bal-
anced t0 obtain a null when the instrument is looking at the clear daytime
sky, observation of a sunlit lithium trail of optical thickness greater than about
1:0.05 will result in a discernible Signal if the trail fills the instrument field of
View (N095 are) defined by the co-aligned apertures of each channel. Alternati-
vely, so also will a trail or cloud of dimensions less than the field of View but
of proportionally greater optical thickness.

The instrument itself is rigidly mounted on a 2 m x 0.8 m table approximately
1m high, which is aligned in the appropriate direction, with the instrument
pointed horizontally, away from the expected Viewing direetion, looking into
a 30 cm >< 25 cm plane seanning mirror which performs a sequential raster scan
of selected regions of the sky, approximately 40°><40° arc in area. The two
angles of the scanning mirror are continuously and synchronously scanned
t0 provide one complete picture of the 40° x 40° area every 60 s. The azimuth
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scan takes two seconds, providing a resolution in elevation of about 1°.3. The
resolution in ‘azimuth’ is limited by the aperture size (0°.5 arc) rather than
by the data acquisition rate of 160 samples s’1 corresponding to 0°.125 are.

A block diagram of the data processing and recording electronics is shown
in Figure 3. The analogue differential output is converted to a digital signal
and recorded in a 60 bit serial format along with time code and azimuth and
elevation angle data on the data track of a digital cassette recorder at a rate

1of 160 samples s’ .

Instrument Performance

The surface brightness of an optically thick lithium trail is of the order of
500 kR, compared with a mean day sky brightness near the zenith (solar elevation
30°) of the order of 10 mR integrated over the spectral transmission bandwidth
of the interference filters.

A detailed discussion of instrument response is given in an accompanying
paper (Rees, 1977), and only the operational response will be given here. At
a fixed location in the sky, in the absence of any haze or cirrus clouds, the
typical sky R.M.S. ‘noise’ is of the order of 20 mV with the system as used
for these experiments, while the Signal obtainable from the lithium cloud is
about 2 Volts peak amplitude (field of View 0°.5, 1/160 s integration time).

In practice, however, there is always a difficulty caused by the greatly variable
sky brightness (primarily a function of elevation and angle with respect to
the sun’s position). Particularly within 20° of the horizon and about 45° of
the sun’s position, total sky brightness variations of a factor of 2 to 5 may
occur, and even greater variations may occur if any haze or thin, high level
clouds are present. The limited common mode rejection of the system —primarily
due t0 imperfect optical matching of the two channels, causes significant fluetua-
tions of the ‘background’ level, generally in the form of a slow and systematic
function of location within the raster system. These variations, which can clearly
be seen in Figure 4, and are described in the next section, require limitation
of the system gain to keep all the Signals within the working range of the
amplifiers and analogue to digital eonverter.

During hazy conditions or in the presence of thin, high level Clouds‚ despite
apparently blue skies, the system gain reduction required may be so severe
that it would no longer be possible t0 distinguish clearly the anticipated Signal
levels due to lithium trails.

In practice, major constraints to the performance of the instrument, apart
from the necessity for virtually cloudless skies and haze-free conditions‚ are
set by the logistic problems of location of the photometers and their associated
instrumentation. Good physical and telephone communications to the rocket
range are essential for coordination of campaign preparations and count-downs.
Particularly with relatively remote, coastal rocket ranges, it is usually impossible
or impractical to locate the instrumentation in ideal physical sites. Ideally,
the optical sites should be located approximately 50—100 km to each side of
the range centre line, and approximately 50 km down-range for upleg releases
(or 100 km down-range for downleg releases).
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For the E1 Arenosillo experiments, the San Fernando Observatory, near
Cadiz, was physically a very good location, although a little remote (three
hours by road via Seville). It also suffered highly changeable local weather
conditions due t0 its proximity t0 the Straits of Gibraltar and the Mediterranean.
Ideally, the second site should have been t0 the west and south of E1 Arenosillo,
50 km south of the Portuguese coastline. Other considerations, however, dictated
that the instrumentation should be close t0 El Arenosillo, and a hot€l rooftop
in Mazagon was eventually chosen, about 10 km NW by W of the range.
The major difficulty raised by using a site so close t0 the rocket range is
that the lithium trail on the upleg of the trajectory is released virtually along
a line of sight between 80 and 120 km. It is thus often impossible t0 resolve
the tight convolutions of the trail caused by the small scale wind variations
in this height region during the first few minutes after trail release, due t0
overlapping of portions of the trail at different altitudes.

For this particular project, winds in the 80—110 km region were clearly of
very great interest. This altitude region is at the lower limit of the lithium
trail technique due t0 two factors. First, at altitudes below about 90 km the
lithium metal (as with other metal alkali releases such as sodium, aluminium
and barium) is rapidly changed into a stable chemical compound from which
the atoms can n0 longer emit the resonance line. Below 80—83 km, n0 resonance
emission is observed even immediately following the release. Secondly, the diam-
eter of the trail at lower altitudes is quite narrow at release and (subject t0
molecular and eddy diffusion) grows rather slowly with time. Typical figures
are shown in Table 1. At the time of release the apparent angular diameter
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Table l. Trail diameters due t0 molecular and turbulent diffusion

Altitude (km) . 80 85 90 95 100 105 110

‘Initial’ radius (m) 20 30 50 80 100 150 200

Molecular diffusion 2 5 12 30 80 150 400
coefficient (m2 5‘ 1)

RadiUs after:
10 s 22 35 52 85 120 170 230

100 s 35 55 85 140 200 270 440
10005 65 105 170 250 420 560 920

Angular diam. (mrad) after:
105 0.03 0.04 0.06 0.10 0.12 0.16 0.22

1005 0.04 0.06 0.10 0.16 0.22 0.30 0.44
10005 0.08 0.12 0.22 0.30 0.44 0.58 0.88

With maximum turbulence (m2 5‘ 1) 100 200 500
Angular diam. (mrad) after:

10 s 0.12 0.24 0.60
1005 0.22 0.44 1.00

1000 s 0.44 0.88 2.20

Depletion time w 5 N 50 w 200 2 10 ?
constant exponent (s) (min) (w h)

of the trail is considerably smaller than the 0°.5 field of view set by the aperture
stop of the instrument, reducing the Signal level considerably. Although this
angular diameter grows with time, the lower altitudes suffer severe depletion
of the lithium content and, below about 85 km, the trail is probably always
unobservable in daytime with the standard differential photometers.

A special photometer of novel design was built and used .in the Winter
Anomaly project t0 try to overcome the difficulties with Wind measurements
in the 80—100 km region. Its design and some experimental results are described
in an accompanying paper (Rees, 1977).

Calibration

T0 obtain a successful triangulation of trail and Cloud features with a standard
deviation of the order of 300—500 m, the scanned field of view of the photometer
at both observation sites must be known t0 within about i0°.1 or 0°.2. It
i5 generally impractical t0 set up the instruments this precisely and, following
installation t0 a precision of i 1° or 2°, the angular residuals are calibrated
by means of transits of the sun, moon or bright stars across the scanned field
of view of the photometers. For the E1 Arenosillo experiment, the moon was
most useful, covering, particularly at Mazagon, Virtually the entire field of
view over a period of a few days near first quarter. For these experiments
the angular residuals were of the order of 0°.15 at Mazagon and 0°.25 at
San Fernando, where- the moon only entered the edge of the field of view.
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N0rma11y, a further improvement in precision can be made using the radar
tracking of the rocket t0 provide precise initial angular coordinates of the
trail release position. Thus far, however, it has not been possible t0 obtain
a fully consistent match of optical and radar data on any of the B VI experiments
(R.M.S. discrepancies between radar and optical trajectories are about 5 t0
10 km).

Experimental Results

The launch conditions of the three B VI lithium wind experiments of the Winter
Anomaly project are shown in Table 2. A11 three rockets and their payloads
performed perfectly and each was successfully observed over the fu11 altitude
range from 85 km t0 apogee (130—135 km) from the observation sites at Mazagon
(37° 08’N, 6° 49’W) and the San Fernando Observatory (36° 28’N, 6° 44’W).
Selections of raw experimental results from B VI/l are shown in Figure 4,
for various altitudes and times from release. The variation of the background
level with location within the raster is due t0 the imperfect optical matching
and limited common mode rejection of the photometer/electronics system (the

Table 2. Launch
Launch Date Local time Solar elevation conditions for

B VI payloads
B VI/l 4Jan. 1976 1700 15°
BVI/2 21Jan. 1976 1655 15°
BVI/3 21Jan. 1976 1913 —6°
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effective common mode rejection being of the order of 60 dB for the transmission
bandwidths of the interface filters, or 120 dB in ‘white light’).

The processed results are reconstituted by computer to obtain complete
raster ‘pictures’ of the trails from both observation sites, as shown in Figure 5a,
at a time of 275 s after launch of BVI/l. A ‘manual’ triangulation of these
data sets is then carried out, using a Texas Instruments SR 52/PC 100 calculator/
printer. This rough analysis removes spurious data points and checks the general
validity of the experimental data and angular calibration of the photometers,
and provides an approximate trajectory (i1—2 km), and a crude wind profile
(i 10 m s- 1, i1—2 km altitude).

A sophisticated computer analysis then utilizes this ‘first-order’ hand analysis
as initial data and iteratively attempts t0 make a best fit of all the experimental
data from both sites, and a radar trajectory (if available) of the initial trail
location. Normally this iterative analysis will reduce the wind errors t0 less
than 5 m s" 1 and the height assignations t0 i— 500 m s’ 1 or better.

The first order wind analysis for each of the rocket flights is obtained
from the ground tracks of the lithium trails which are shown in Figure 5b.
The resulting wind profiles are shown in Figure 6.

Discussion

It is not the intention of this paper t0 examine in detail the aeronomic implica-
tions of the wind results described in the last section, or t0 compare the data
from the lithium trails with that of any other wind measuring technique used
in the project, or with data on other aeronomic parameters.

Despite considerable apprehension during project planning that it would prove
extremely difficult, if not impossible, t0 obtain interesting scientific conditions
for the project (i.e. presence of severe Winter anomaly) while also obtaining
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favourable weather conditions at Mazagon and San Fernando for the lithium
experiment, in practice no such difficulties occurred although, clearly, the ease
of obtaining simultaneously all the correct launch conditions was fortuitous.
Complete Wind profiles have been obtained above 95 km for the two ‘daytime’
trails and above 85 km for the twilight trail. It will prove possible to extend
the ‘daytime’ profiles down to 85 km if a good radar trajectory can eventually
be obtained, thus providing an accurate location of the initial trail release
so that the first few minutes of data obtained on the trails below 95 km altitude
can be utilized.

Each of the wind profiles showed a strong northward feature in the altitude
range 90—105 km, and an indication of complex small-scale Wind structure below
about 95 km, shown in detail for B VI/3 in Figure 6. We are presently examining
the possibilities that some of these features are correlated with the widespread
atmospheric disturbance associated with the winter anomaly conditions present
during the period of the rocket experiments.
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Winter Anomaly—
Trace Constituents Sounding Rocket Campaign
A High Resolution Photometer for Observing Daytime Lithium Releases

D. Rees

Department of Physics and Astronomy, University College London, Gower Street,
London, WC1E6BT, United Kingdom

Abstract. Differential photometer instruments which have been used to observe
rocket-borne lithium trails in daytime have a limited resolution (about 0°.5
1°arc) with which it is difficult t0 observe trails at the lowest altitudes (80—
95 km) and t0 make Observations of turbulence and diffusion within the trails at
altitudes up t0 about 110 km. A novel instrument which was built for, and used
during, the Winter Anomaly project is described in this paper; it has a 0°.1 arc
resolution, retaining the sensitivity of the conventional differential photo-
meters. The instrument is based on a piezoelectrically-scanned Fabry-Perot
interferometer of 0.05 nm spectral resolution.

Key words: Daytime neutral winds, thermosphere — Lithium trails — New
high resolution photometer.

Introduction

The antieipated role of neutral wind measurements in the mesosphere and lower
thermosphere in describing the atmospheric disturbances associated with Winter
Anomaly conditions has been described in an accompanying paper (Rees et al.‚
1977). Reliable synoptic wind measurements up t0 about 90 km altitude were made
throughout the Winter Anomaly project using chaff releases from Petrel rockets.
These measurements were supplemented on the salvo days by lithium trail releases
which, as described in Rees et a1. 1977, provided reliable daytime measurements
above 95 or 100 km. The height interval between 90 and 95—100 km was expected t0
be quite crucial t0 the completeness of the Winter Anomaly investigation, but it
poses many difficult experimental problems. For the chaff release technique, due t0
low atmospheric density, the cloud falls very rapidly, and may thus not follow in
detail the fluctuations of the wind field. On the other hand, for the lithium trail
technique, the sensitivity and angular resolution of the conventional photometers,
which are used t0 track the daytime trails, is adequate t0 properly detect and
resolve the trail below about 95 km. In particular, these photometers cannot



53 D. Rees

provide any significant information on the turbulent diffusion of low altitude trails
below the ‘turbopause’ at about 105 km. Since an enhancement or reduction 01 the
eddy or turbulent diffusion coeffieient would significantly modify the rate of
vertical transport of minor constituents into and out of the atmospherie region
where Winter Anomaly effeets are observed, and sinne a useful overlap of the
altitude ranges of the chaff release and lithium trail techniques would improve the
signifieance of the measurement of atmospheric dynamies and also allow some
redundancy of measurement, it was decided to investigate the possibilities 01"
extending the tracking of the daytime lithium trails t0 the lowest possible altitude.

Of the various instruments which have been used t0 observe daytime lithium
releases (Best, 1970; Bedinger, 1970; Rees et al., 1972; Bedinger and Mills, 1977),
only the airborne photographic technique of Bedinger and Mills 1977, with its
accompanying problem of a requirement for a high flying jet aircraft (12 km + ), can
provide adequate spatial resolution t0 see small-scale structures (turbulence)
within lithium trails up t0 110km (the conventional ‘turbo-pause’), or actually t0
detect trails at the lowest Ievels, 83—90 km. The difficulties are shown diagrammati-
cally in Figure 1, where the nominal trail expansion as a function of time after
release is shown for various altitudes for molecular diffusion alone. The enhance-
ment of trail expansion due t0 various rates of turbulent diffusion (k: 100, 200,
500 m28“ 1) is also shown. At 90 km, the lithium released decays rather rapidly so
that, although after about 100 s the trail radius would exceed the sensitivity limit of
the standard differential photometers, there may be insufficient metal vapour
remaining for the trail t0 be visible.

A novel high resolution photometer was designed t0 attempt t0 overcome some
of the shortcomings of spatial resolution, t0 attempt t0 push observations of the
lithium trails t0 the lowest possible altitudes and t0 100k for small-scale structures
and turbulence within the trails. This instrument was utilized for the first time in the
Winter Anomaly project from the Mazagon station (Rees et al., 1977) t0
supplement the Observations made of three lithium trail releases by conventional
dual-channel differential photometers.
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Instrument Design Concept

The major design driving factors of a photometer for observing rocket-borne
ehemieal trails in daytime are:

1. to obtain the highest possible speetral resolution to reduce the level of
transmitted daytime sky brightness,

2. to obtain the highest possible spatial resolution to resolve the chemical trails
and

3. to obtain the highest possible throughput with respect to emission from the
lithium trail.

In a conventional differential photometer the instrument transmission can be
written as:

F5 ——41— Q Q A[(R k -2)k t1t2+jsm zsu) t2 d1] (1)
where FS : the detected flux (photons s‘ 1)

Q = the quantum efficiency of the detector
Q = the solid angle of the instrument
A == the usable area of the interferenee filter in general
R =the surfaee brightness of the chemical trail (optically thick)
kl = the proportion of the field of View filled by a trail or cloud
k2 = the optical thiekness of the trail
t1 = the sky transmission at the resonance wavelength
t2 z the instrument transmission at the resonance wavelength
S(/1) = the sky brightness as a function of wavelength
tS(/t) z: the instrument transmission as a function of wavelength.

A typical solution for a differential photometer is shown in Table 1, using state
of the art interference filters and 50m aperture optics. In the design of the
differential photometer throughput has been saerificed, to obtain a 0°.5 angular
resolution, by a factor of about 25, without any corresponding gain in speetral
rejection, to improve the contrast of the lithium trail against the daytime sky.

The novel design was intended to provide improved spatial resolution while
compensating for the decreased field of View and thus throughput with improved
spectral rejection, by using a 100 u gap scanning Fabry-Perot etalon as the
wavelength selective deviee. A 15 cm aperture Cassegrain teleseope was used to
improve the field of View matching to regain some of the throughput which would
otherwise have been lost.

I

Tablel shows the specification of the high resolution photometer for
comparison.

While the two instruments perform similarly in terms of Signal to noise ratio for
an optically thick trail larger than 0°.5 in diameter, thus filling the field of View of
both instruments, there is a major difference in the performance both with narrow
trails and optically thin trails. For a 0°.1 trail diameter, and again a 0.0055
integration time, with an optieally thick trail the Signal to noise ratio of the high
resolution photometer is about six times better than the differential photometer,
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Table l. Comparative performance of differential photometer and high resolution photometer

Differential High resolution
photometer photometer

a. Specification

Solid angle (Q, sterad) 10’4 3 x 10‘ 5
Area (cm2) 20 26
jts(}.)d/Z (nm) 0.4 0.025
Field of view (°) 0.5 0.1
Quantum efficiency 0.05
Lithium trail brightness (Rayleighs) 0.5 x 106
kl : ’(2 1

zl 0.5
t2 0.8

b. Performance

Trail diameter (°) 2° 0°.1 0°.05
Optical density (r) 1 1 0.2

Differential photometer:
Signal due t0 lithium (cts.s‘ 1) 1.5 x 106 3 x 105 3 >< 104
Background due t0 sky (cts.s‘ 1) 1.5 x 107 1.5 x 107 1.5 x 107
In 0.005 s:

Signal 7 x103 1.5 ><103 1.5 x102
Background 7 x 104 7 >< 104 7 x 104
Signal (S) to Noise (N) ratioa 20:1 5:1 0.511

High resolution photometer
Signal due t0 lithium (cts.s‘ l) 6 x 105 6 x 105 6 x 104
Background due t0 sky (cts .s‘ 1) 4 ><105 4 x 105 4 x 105
In 0.005 s:

Signal 3 ><103 3 x103 3 x 102
Background 2 x 103 2 >< 103 2 x 103
Signal (S) t0 Noise (N) ratioa 30:1 30:1 6:1

a N = (Background + Signal)‘3‘

while the high resolution photometer has a >< 10 advantage with a trail 0°.05 in
diameter and an optical thickness ’L' =0.2.

From experience, it is rather difficult t0 observe clearly a trail where the Signal
t0 noise ratio for a 0.0053 sample falls below 5: 1. Under ‘perfect’ skies (rarely
obtained at sea level) the differential photometer thus fails t0 Observe a eloud less
than about 00.1 or 0°.2 in diameter, which degrades t0 0°.5 in the presence of even
thin haze or traces of high eirrus cloud.

The high resolution photometer, h0wever, is capable of resolving an Optically
thin trail (120.2) 0°.05 in diameter, or an optically thick trail 0°.01 in diameter.

Referring t0 Figure 1, it can be seen that, allowing for metal depletion, the
normal differential photometer will never see a trail below about 90 km except
under ‘perfect’ eonditions, while the high resolution photometer is capable of
resolving trails down t0 about 80km if an adequate vapour pressure of the free
metal is stable in the atmosphere.
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Fig. 2. Schematic design of high resolution photometer system

The realisation of a practical high resolution photometer is based on combining
a scanning piezoelectric etalon of 60 mm aperture and 100 p gap and finesse N25
with a 1 nm band-pass filter tuned t0 the lithium 670.8 nm resonance line. A 15 cm
Cassegrain telescope matches the etalon field of view for a 0.05 nm ‘resolution’, to
obtain a 0°.1 field of view in the sky. The instrument is shown schematically in
Figure 2. In practice, the piezoelectric etalon is switched between two wavelengths,
one of which is the lithium resonance line. The photon count output is taken t0 feed
an up/down counter which is synchronised with the etalon wavelength switching,
and the output recorded on a digital magnetic cassette recorder, along with time
code and azimuth and elevation information.

Instrument Performance

The high resolution photometer was used during all three ofthe B VI experiments on
January4 and 21, 1976, during the Winter Anomaly project, and appears t0 have
performed very close to its specification. A section of the quick-look record
obtained during the B VI/2 experiment is shown in Figure 3 (this is the direct data
output taken from a rate meter in parallel with the input t0 the up/down counter).
The departure from a rectangular wave—form iS due t0 hysteresis of the piezoelectric
crystals driving the etalon.

The approximate scale of this record section is shown underneath the data. For
comparison, the same section of trail scanned by the differential photometer is also
shown in the Figure. The altitudes of the 3 portions scanned (A, B, C) are
approximately 115, 120 and 115 km respectively. During these experiments a
relatively slow switehing rate of the etalon was used, equivalent to a 00.3 are sample
at the angular scanning rates which were used. The Signal to noise ratio ol‘ the
records indieates, however, that the switching rate could be increased by at least a
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factor of three to match the 0°.1 angular resolution of the optical system. For
example, the lower portions of the trail (A and C), which are approximately 1°.5 in
diameter, are barely resolved by the standard differential photometer, as can be
deduced from the much lower amplitude of signals A and C relative to B (which is
nearly 3° in diameter) in the differential photometer reeord compared with the
relative amplitudes in the high resolution photometer reoord.

Conclusion

A high resolution photometer, built for, and used during, the Winter Anomaly
projeot appears to be capable of observing daytime lithium trails at altitudes below
about 85 km, and of obtaining useful measurements (turbulent eddies etc.) within
trails and cloud releases under most conditions at altitudes greater than about
90 km.

Experimental data obtained during the B VI projeet is presently being analysed,
in particular to examine the small-scale Wind and turbulence features of the lowest
altitude regions of each of the three lithium trail releases.
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Payload BI: A Compact and Economic
D-Region Experiment Package for Use
on Small Sounding Rockets

G. Rose and H.U. Widdel

Max-Planck-Institut für Aeronomie, D-34ll Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. A payload is described consisting of a foil Cloud experiment and
a guard ring probe. Winds, wind shears and turbulent motions are derived
from the spatial movement of the cloud during fall and density and tempera-
ture of the neutral air from the fall rates of the Cloud, as observed by
radar respectively. Electron and ion densities are measured by a guard ring
probe of special design. The probe is calibrated by comparison with the
results of simultaneous ground based measurements of radio wave absorption
applying the Sen-Wyller formula. The set up of the payload and its operation
are described and some results are given.

Key words: D—region —— Winter anomaly — Wind — Air density —— Electron
ion density — Falling foil cloud — Guard ring probe.

Concept of BI Payload

Payload BI was designed to gather an overview over the time history of changes
of atmospheric parameters in the D-region which comprise both changes in
the ionized components and of neutral air (meteorological) parameters.

A fairly large number of individual experiments are required for such a
project in order to achieve a significant result. Cost-effectiveness and reliability
of the payload are of utmost importance but not at the expense of scientific
value or accuraey of measurement. A careful consideration about parameters
to be measured is mandatory. The payload to be described here contains two
experiments, one for the measurement of neutral air parameters, the other
for the measurement of the ionized component of the atmosphere.

The payload was flown successfully a number of times before it was used
in the Aeronomy Program (Rose and Widdel, 1972b; Rose et a1.‚ 1974; Diem-
inger et al.‚ 1974).
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1. Neutral Atmosphere Parameters: The Foil Cloud Experiment

1.1. Winds, Wind Shears, Turbulent Motiorts. Winds, Wind shears, density and
average air temperature can be measured in the simplest way by free—falling,
refleetive objects which are ejected from the vehicle at or near apogee of the
roeket’s trajectory and tracked from the ground by suitable means, e.g. radars.
Such an experiment has the “all-weather” capability desired for this type of
investigation.

Wind measurements allow within certain limits the estimate of large-scale
pressure gradients, and, by this, the position of high- and low pressure systems.
When temperature measurements are available, wind shears can be used to
prove the existence of turbulent 1ayers (Zimmerman and Narcisi, 1970).

For Wind measurements, falling spheres of various kinds (Jones, 1959; Otter-
man, 1961) are not very well suited to greater heights because they are too
heavy and their descend velocity is too large to follow the Wind shears sufficiently
fast (Fig. 1). A more suitable target is a Cloud of radar-reflective dipole elements
(“CHAFF” or “‘WINDOW”). Experiments of this kind have been used in
the upper atmosphere (D-region heights) by several authors (e.g. Webb, 1961;
Smith, 1960; Paehomov, 1969) and also on a routine basis. Rapp (1960) gave
an estimate about the aecuracy of such experiments.

The main disadvantage of “CHAFF” measurements is the limited height
range over which useful measurements ean be performed because the Cloud
spreads out under the influence of diffusion and the initial momentum received
during deployment from the spinning roeket. Further, spreading in strong Wind
shears oauses the radar to “hunt”. Attempts to overeome this difficulty by
using more than one “CHAFF” ejection over the roeket’s trajectory have
been made by several authors (e.g. Pachomov, 1969). We flew an experimental
payload of this kind in 1973 in order to test the feasability of increasing the
height range over which density measurements can be made.

Ordinary “ CHAFF ” has also a very strong tendeney to form clumps because
the very thin, hair—like dipole elements do not separate well. This tendency
is almost impossible to avoid as our own tests and those of other experimenters
have shown. This makes the derivation of air densities and air temperatures
from fall rates of “ordinary” CHAFF Clouds almost impossible (very rare
eases exoepted).

However, when elements of proper shape and suitable size and wing load
area to have little tendency to form clumps are Chosen (Rose and Widdel,
1972, 1973) and means are taken to deploy the Cloud in such a (controlled)
way that the elements are all separated from each other and that their number
density increases toward the center of the Cloud (Azcarraga, et al., 1970; Rose,
et a1., 1972), the Situation is different and a larger height interval can be covered
with reliable measurements provided that no excessive windshears and turbu-
lences are present: These distort the shape of the Cloud to sueh a extent that
a reasonably aceurate radar traek is no longer possible after the Cloud has
passed the shear (see Fig. 2). This happens with preference at height levels
from whieh so-ealled “DEEP ECHOES” (Dieminger and Hoffmann-Heyden,
1952; Gregory, 1961; Thitheridge, 1962) are reeeived. A connection between
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these gradient-induced partial reflections and wind shears seems to be evident
though not fully proven by experiments so far.

Even small-scale vertical movements can be observed directly with properly
designed foil clouds (Rose and Widdel, 1969) but because these movements
are associated with a rapid dissolution of the foil cloud inside the turbulence
cell, a fairly sensitive radar is required for tracking. The Situation may change
when active transponder elements rather than passive reflectors can be used
as targets. More detailed investigations of turbulent motions besides wind and
density measurements are then possible.

The upper height limit for wind measurement is set by the weight-to-area-
ratio of the dipole elements. We use foils, 2.5-10’6 m thick, 9'10’3 m wide,
their length cut to be in resonance with the wave length of the radar tracking
system. The foils are aluminized from all sides, the weight-to-area-ratio is
3_4.10-3 kg-m—l. These foils have less tendency for “bird’s nesting”. They
allow reliable wind measurements from about 95 km downwards. The foil clouds
are deployed near apogee of the rocket’s trajectory in the direction opposite
to flight. This allows a certain amount of compensation of the trajectory speed.
Experience has shown that the clouds deployed this way follow almost imme-
diately the direction of the wind with no discernible “ballistic” component.
The theoretical response of the cloud to winds is shown in Figure 3.

One weak point however has to be mentioned. In-situ measurements (of
any kind whatsoever) can provide only a momentary picture of the state of
the wind field even though it takes 20—25 min for the foil cloud to travel down
from 95 km to 80 km. Therefore, tides and waves cannot be separated from
the prevailing wind except for the case when a whole series of rocket launches
is performed over the day (Azcarraga et a1.‚ 1971). In our special case however,
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in which the Winter anomaly is to be investigated, this deficienoy is of no
significant importance.

1.2. Air Density and Temperature. Air density can be derived from the fall
rates of the foil cloud when accurate tracking data are available (Rose and
Widdel, 1972) but only over the height range for which the dimensions of
the sensor elements (area load and width) are matched to yield low Reynolds
numbers and their width is small compared with the mean free path. When
the transition region is reaohed, the increase in density nearly compensates
for the decrease of effective drag coefficient and the descend speed of the
elements varies then only slowly with height. To restore the flow conditions
under which it is possible to derive density one has to match the physical
properties of the sensor elements to the relevant height region. Below about
65—60 km the useful height range over which density measurements can be
made with “CHAFF” becomes so small that it is of no more praotical use,
and the method finds its natural limitation (Rose and Widdel, 1972).

This method is sensitive enough to follow diurnal changes of density. From
these, even slow vertical movements of the atmosphere can be derived (Azcar-
raga, et a1.‚ 1971; Rose et al., l972a). Reasonably good agreement between
densities derived from falling sphere experiments and foil cloud experiments
(Rose et al.‚ 1976) was attained (Fig. 4).

Temperature values oan also be derived from the data but only as averages.
The second derivative of the data necessary for temperature determination intro-
duces a comparatively large error bar for the temperatures and does not allow
at present a finer analysis.
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2. Ionized Constituents: The Guard Ring Probe

For the measurement of the ionized component of the D-region atmosphere
we used a guard ring probe at the tip of the rocket (Rose et a1.‚ 1972b).
This probe allows us to distinguish between ions and electrons. Probes of similar
design have been used in the past on rockets by several authors, L.G. Smith
(1967, 1969) being the first.

While the technical design of the probe itself can be held rather simple,
the direct interpretation of the results in terms of absolute values poses a lot
of problems. To Circumvent these, it has become standard (Thrane, 1974) to
calibrate the probe readings against the results of an independent wave propaga—
tion experiment flown on the same payload as was first done by Mechtly
(Mechtly et a1.‚ 1967; Mechtly and Shirke, 1968; Sechrist et a1.‚ 1969; Mechtly,
1974). Mechtly found that the “Langmuir” probe readings are proportional
to electron concentration up to about 85 km, and tend to deviate from propor—
tionality above this region.

Instead of flying simultaneously an independent wave propagation experi-
ment on each payload for calibration purposes, we used a different approach
to convert the probe data into ambient electron densities. We used the results
of the ground-based absolute absorption measurements and ionosonde data
and results of our in-situ density measurements which have to be performed
anyway when such investigations are made.

Our variant of the probe was based upon experience gained during the
development of a parachute Gerdien-type experiment (Widdel, et a1.‚ 197l ; Bor-
chers, 197l; Widdel et a1.‚ 1977). We found that insulator surfaces can have
an important detrimental effect upon the stability of the zero point especially
when the probe potential is changed, because these surfaces collect charges
preferably of one polarity because the accommodation coefficients are different.
This effect disappears when the insulator is kept as small as possible and recessed.

The insulator of our probe is recessed by about 5 mm in a gap between
body and probe tip, only 0.5 to l mm wide. The corresponding increase in
capacity was compensated by a rather large guard ring section held always
on the same potential as the measuring nose tip. The current/voltage Characteris-
tics were then what one would expect from the mobility concept. Electrons
are easily distinguished from ions because their mobility is so much higher.
The probe resembles more an “open” Gerdien mobility probe aspiration system
than a “Langmuir” probe. The regime in which the probe operates is easily
seen because a time-linear, triangle-shaped waveform and linear amplifiers are
used.

Because wake effects can play an important role (as was outlined by Smith)
a stable flight behaviour of the rocket is mandatory. This condition was met
by seleoting a suitable rocket (SKUA 11) and each payload was carefully balanced
before flight by moment and couple.

2.1. Probe Calibratirm Proccdure. The ground-based data yield the total absorp-
tion LmT measured on an absolute scale over an A3 absorption path which
is always propagated via the l ><E hop mode during daytime. ‘( Rose and Widdel,
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1977a). The reflection height h’E(f) is taken from ionograms produced on the
range. The foil cloud experiment flown on the same rocket yields the air pressure
from which the electron collisional frequency is derived (Phelps and Pack, 1959).

The electron currents I of the probe are assumed to be proportional to
the ambient electron densities (N„:C-I, h<h„) up to a height h„ where the
mean free path equals the (mean) diameter of the probe. Above that height
ho a correction factor exp (oc (h—h„)) is assumed (N(‚——-C-I exp oc (II—110)) which
is replaced by l below h0. The transmission curve technique is applied to the
relevant ionograms taken before, during and after the rocket flight with regard
to distance and frequency to determine the angle of incidence cp„ into the iono-
sphere for the A3 transmission path to the receiver at the launch site. Some
well-known approximations are accepted for a moment. The constants C and
oc which relate the probe currents to the electron densities are then computed
in the following way: Starting with the given angle of incidence and an initial
pair of constants C and oc, a ray-tracing is performed to adjust oc in a way
that the ray is “homed in” (it just spans then the distance from the transmitter
to the receiver). The absorption of the measured ordinary ray is then integrated
along this ray path, taking now into account the magnetic field of the earth
and using the full Sen-Wyller formulas with the electron collisional frequencies
derived from the air pressures. If the absorption thus integrated does not yet
fit the experimental A3 measurements, the constant C is Changed a little into
the required direction and the calculation is repeated from the very beginning
until transmission path and absorption satisfy the experimental data. It should
be mentioned that the experimental electron current profiles were replaced close
to the (final) reflection level by an equivalent exponential profile (or they were
extrapolated exponentially where necessary) in order to determine analytically
the curvature of the ray path necessary for the estimations in the vicinity of
the reflection level. Experience gained during the aeronomy program has shown
that profiles derived in this way from guard ring probe measurements agree
reasonably well with those measured by wave propagation experiments.

3. The Payloaa’

Both experiments, the foil cloud experiment and the guard ring probe were
matched together in a single payload. Figure 5a shows what the payload looks
like and Figure 5b shows a cross section through it. The cylindrical part of
the payload contains the foil cloud experiment and the telemetry antennas
for data transmission on 235 MHZ. The antennas are of the ‘traveling—wave”
type. The transmitter is located in a bay of the upper part of the payload
structure, not far away from the subcarrier oscillators and from the electrometer
for the guard ring probe. The latter is housed in a separate cylindrical box
for electrical shielding and thermal protection.

Transfer of aerodynamic heat into the payload can be a serious problem.
lt is more difficult to prevent on small vehicles than on large ones. We solved
this problem by avoiding mechanical contact between the inner surface of the
nose cone section and the payload structure. The only connection to the metallic
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nose cone was at the bottom and through a temperature—insulating, thermal—
resistant plastic centering ring at the top of the payload structure.

In order t0 suppress heat transfer by thermal convection, a number of
small ventilating holes were drilled into the nose cone at its end. This ensured
a rapid escape of air from the nose cone section during ascent.

The aerodynamic heating was however welcomed and used t0 advantage
as a means of “natural” cleaning of the guard ring probe surface during ascent,
especially of the nose tip. The nose tip was made as sharp as possible t0
assure attachment of the shockwave and t0 avoid any detachment which might
otherwise cause problems in data interpretation.

Photocurrents were of n0 importance because their maximum value was
for the worst case (the lowest heights) estimated t0 be of the order of one
or two magnitudes less than the currents drawn from the environs.

A bay near the end of the ogival section of the nose cone was kept clear
t0 provide space für experiments t0 be added in later projects (für example,
Lyman-Ix and other radiation counters). On some flights, the space was used
t0 house a modified Henderson probe (Henderson and Shiff, 1970) but despite
very promising laboratory results, the probe behaved quite ambiguously during
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Fig. 6. Copy from telemetry record made on 35 mm film (photographic positive), whieh Shows
time interval between separation and foil expulsion. Data transmission for the guard ring probe
is made over two separate subcarrier channels which transmit direct output of eleetrometer and
output amplified by a factor of 10. Sensitivity of electrometer is alternatively changed by a factor
of 100 at the peaks of the triangular probing waveform. By this, four order of magnitudes in
current ean be transmitted

flights. It was concluded that this approach to the measurement of atomic
oxygen was not a reliable one and the probe was later abandoned.

The front end of the payload rested in a separation section t0 whieh it
was tightly screwed on with shear screws. A flat, annular Charge of explosive
was fixed t0 the bottom of the ejection bay. It was fired at the apogee of
the rocket’s trajectory and separated the payload front end from the motor
in order to expose the back end of the foil cloud canister. The explosive Charge
was 15 g of a stochiometric misture of potassium permanganate and magnesium
powder. This composition had turned out to be superior in its characteristies
and handling qualities in this special kind of application to conventional blaek-
powder or double based grain powder charges.

l.8—2.2 s after separation pyrotechnic valves were opened for the release
of compressed nitrogen which pushed out the foils, separated them, removed
from the foils a considerable amount of centrifugal force and ereated the desired
distribution inside the foil cloud. Separation of payload and ejection of foils
is observable in the telemetry records of the guard ring probe as is shown
in Figure 6: First, the ejeetion shock causes an interruption of the telemetry
transmission which recovers after 80 ms. The cloud of combustion products
and unburnt particles from the separation Charge passes over the probe environ—
ment and eauses a transient increase of electron concentration which is produeed
by photoemission of particles from the cloud. The moment of foil ejection
is seen as a deerease in the electron eoneentration when the nitrogen cloud
passes over the probe. These two events serve as simple housekeeping informa-
tion about proper functioning of separation and foil cloud ejeetion.
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Because the electronics of the payload is designed to stabilize within a few
tenths of a second, no umbilical connector is required. Electric power to the
payload electronics is applied when a simple inertia switch is actuated by the
launch shock (motor ignition and initial acceleration). By this, the aerodynamie
configuration of the rocket was kept clean, the design of the payload was
simplified and hazards connected with the us'e lof umbilicals on small rockets
were avoided. The delay in response of the g-switeh contributed to payload
reliability because it is a common experienee that electronic cireuits can survive
large shock loads when no power is applied. They often fail in the other case
beeause transient short Circuits and transient changes in component values that
ean oeeur under heavy g-load conditions may eause fatal overloads. The response
time of the g-switch is set to such a value that it closes when the initial launch
shoek has passed. ‚

Because the SKUA roeket is launched from a tubular launcher, there was
some coneern at the beginning that the probe surfaee might be contaminated
by combustion products of the boost and sustainer propellant during the initial
launch phase. Prototype flights and later experience have shown that this is
not the case. The results of the prototype flights stressed however the necessity
for a careful balaneing of the payloads and led to some improvements of the
final design too detailed to be described in this paper.

4. Same Results

Figure 7 illustrates how the circulation pattern of winds changes from Winter
to summer. High winter-anomalous absorption was observed only when wes-
terlies are present in the whole height regime between 80 and 90 km. This
indieates that this state is linked to a low-pressure system which has its center
loeated north of the location where the measurements were made. Beeause
we made our observations rather close to the time-variable southern border
of the existence of winter-anomalous conditions, we saw more elearly than
in more nothern latitudes that the winter-anomaly effect splits up into more
than one period of high absorption. Between these events, extremely low absorp-
tion is observed in most cases. This raises the question how to define a “normal”
and a “winter-anomalous” day. We tried to cireumvent these difficulties by
referring to electron concentration profiles which were measured at a time
when both the wind field is ealm and the absorption has little variation from
day to day. This is mostly the case in the spring/early summer season.

Like Mechtly we found the maximum enhancement of electron coneentration
around 82 km (Dieminger et al., 1974). Since then more winter profiles of electron
concentration became available. All were measured around local noon.

It takes no effort to classify these profiles either after similarity or after
amount of absorption: in both cases, the profiles which sort into a group
are the same. There are, however, some slight but significant differences between
profiles belonging to the same group: Some of them have a higher electron
concentration below about 78 km than others. This difference is related to
the diurnal variation of absorption. The profile which has a higher electron
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concentration in lower levels corresponds to a day for which the description
of the diurnal variation of absorption by the cos"x-law is given by an “n”
of the order of 1, while “n” is lower for the other profile. This difference
is more elearly seen when the corresponding profiles of differential contribution

1
cosrp

closely related to the actual absorption measurement beeause it contains the
electron collision frequency also. It is determined during the evaluation process
of the guard ring probe results. For a comparison of different groups of absorp-
tion it is convenient to normalize the profiles of differential contribution to
total absorption to the relevant amount of total absorption. When “n” has
a high value (in the order of 1) a maximum contribution to absorption stems
from the height region centered around 75 km (see Fig. 8). For lower “n ”

this maximum is shifted to greater heights above 78—80 km. This shift becomes
pronounced When “n” is small (0.5 or less). This result can at least be qualita-
tively understood and related to composition Changes in the D-region When
model calculations made long time ago by Rawer (1943) are considered. He
used a simplified model and assumed “thin” and “thick” absorbing layers
(in the sense that their scale height was smaller than or equal to that of the
environmental gas). He found that the diurnal variation of absorption is propor-
tional to cos 1/2 X When the layer is “thin” and the electron loss process is
recombination. For attachment as the loss process, he arrived at cos X. The
corresponding values for a “thick” layers were cos 15x (recombination) and
coszx (attachment). The simplifications made in this theory prevented its practi-
cal application in the past, but taking it as a guide and considering the results
of our in-situ measurements, we can distinguish fairly clearly between at least
two height levels which contribute to absorption. One level is below 78 km
in which the electron loss process is, as is well known, the formation of negative
ions. Above 80 km, the prevailing loss process during Winter is recombination.

This level becomes more important when strong winter-anomalous conditions
are present. However, there are exceptions in which both levels (above 80 and
around 75 km) contribute about equally to total absorption and produce high
winter-anomalous absorption. On such days, attachment in the lower level (or
a loss process equivalent to attachment) governs the diurnal variation and yields
a high “n” for the cos”X-approximation of the diurnal variation. Because the
electron/ion ratio is extremely temperature-sensitive in these lower levels (Ci-
priano, Hale and Mitehell, 1974) one is tempted to relate these events to tempera-
ture increases (stratospherie warmings) but this has to be further investigated
more closely.

Mass spectrometer results reported by Arnold and Krankowski (1971) and
by Arnold, Kissel, Krankowski, Wieder and Zaehringer (1971) who found nega-
tive ions below 80 km but not in greater heights while Nareisi and co-workers
(1972) did find them in heights between about 82 and 87 km but with a different
composition fit well into this pieture. These two results have been considered
to be in conflict with each other but are less eontroversial if one considers
the actual season and not the calendar date on which the two measurements
were made and assumes that a depletion of water eontent in the D-region
during Winter is one of the main causes of winteranomaly.

to total absorption along the ray path dL/dl- are considered. This is more
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Fig. 8. An example for the relation between “n” ofthe cos"x approximation of the diurnal variation
of absorption and electron concentration profile resp. profile of differential contribution to total
absorption along the ray path (the latter normalized to the relevant absorption value): When
“n” is large, a maximum of contribution is found around 75 km (Winter profiles)

Therefore, one of the things (amongst others) we want to learn from the
results of other measurements taken in the Aeronomy Program is if there is
a seasonal change in water vapor content and in the eontent of nitric oxide
in the D-region, preferably between 78 and 88 km, because this would explain
the disappearance or reduetion of the ledge in electron concentration during
winter conditions and the formation of the “bulge” of electron concentration
found when high Winter anomalous absorption is present.
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Western European Winteranomaly Campaign
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Abstract. During theWestern European Winteranomaly Campaign two pla-
nar Retarding Potential Analyzers were successfully launched on January
4 and 21, 1976 from E1 Arenosillo, Spain. The experiment on board the
B II payload which carried two sensor heads is described. The payload
had an active attitude control system with Freon gas as propellent. Its
influence upon the plasma measurements is investigated. In the height range
95 t0 115 km measured profiles of electron density, temperature and supra-
thermal electron flux are presented.
Key words. Retarding potential analyzer — Winteranomaly — Electron den-
sity — Electron temperature — Suprathermal electron flux — Disturbances
by attitude control system.

Introduction

The Western European Sounding Rocket Campaign took place in January 1976
at “E1 Arenosillo”, Spain (37°6’N, 6°44’W) with a large number of different
measurements. The scientific purpose of this combined effort of ground based
and rocket carried experiments was t0 investigate the ionospheric D-region
during a Winteranomaly. A typical indicator for a Winteranomaly condition
is unusually great radio wave absorption during a couple of days in a large
geographic area. The phenomenon is supposed t0 be caused by increased electron
density in the lower ionosphere through the regular seasonal variation of the
state of mesosphere and lower thermosphere (Schwentek, 1971). The not well
known relations between ionospheric plasma parameters and neutral composi-
tion, and the rather complex processes involved in the D-region can only be
studied in more detail when a large number of significant parameters are simul-
taneously measured. As a part of such a combined study two Retarding Potential
Analyzers (RPA) were successfully flown aboard a Skylark rocket in the after-
noon of January4 and 21, 1976. The main thermal plasma parameters Viz
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electron density and temperature, and the suprathermal eleetron flux were deri-
ved from the measured Characteristies. The eleetron density profile Shows the
altitude, where the anomaly occurs and how strong it is. Electron temperature
and flux may be influenced by the neutral atmosphere and could respond to
major ehanges in the neutral composition.

Instrumentation

We used a planar RPA, similar to an instrument which was flown on earlier
roekets and satellites (Spenner et a1., 1974). The sensor has a wide entrance
grid and a small eollector plate as shown in Figure l. The large first grid
and the guard ring surrounding the eollector provide for radially uniform
particle flux about the sensor axis. The collector samples only electrons
or ions from this uniform eentral region. The sensor has 5 insulated,
highly transparent grids. With suitable potentials of these any desired kind
of charged particles may be selected and analyzed. In the eleetron mode the
front grids G1, G2, G3 are conneeted and obtain a stairease retarding
voltage; with three grids a most uniform retarding field is aehieved. Only elee-
trons with a higher energy than the applied grid voltage oan pass through
to the eollector. Grids G4 and G5 are biased in such a way that ambient
ions and seeondary eleetrons produeed at the colleetor are almost completely
suppressed. The gold plated grids have 30 wires/em, the transpareney is 86%.

The experiment automatically performs three different modes. Electron tem-
perature and relative density are derived from a ‘temperature mode’, the supra—
thermal energy distribution from a ‘photoelectron mode’ and the ion density
from an ‘ion mode’. Tablel summarizes the voltages applied to the sensor
grids for the different modes. Each electron mode makes a sequence of 128
steps of 40 mV eaeh. The photoelectron mode executes 28 steps of 1.1 V eaeh.
The stepping time is 2ms. We use a RPA with two identical sensor heads
fastened on short booms at the top of the payload (Fig. 2). One sensor is
programmed to measure electron temperature and photoelectrons, the other
one to determine the ion density with good local resolution. A logarithmic
eleetrometer integrated in the sensor box measures the collector current between
the limits 10’ 5 A and 10’ 12 A. Zero level and gain are automatieally controlled

Table l

Symbol Element Temperature Ion density Photoelectron
Mode Mode Mode

G l Entrance grid 3—+ — 1.5 0 4
G 2 Retarding grid 1 3—> —l.5 ——6.2 0—+ —30
G 3 Retarding grid 2 3—> — 1.5 —6.2 O—+ —3O
G 4 Shielding grid 30 0 30
G 5 Electron suppressor grid 15 — 15 15
C, CR Collector, Guardring 30 0 30
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and adjusted. Includig the bit failure of the 10 bit telemetry the overall accuracy
is about 2%. For currents larger than 10—11 A the electrometer rise time
(99%) is 2 ms. The additional electronics needed t0 provide the sensor grid
voltages, as well as power supply and telemetry interface are installed in a
separate box. The achieved stability of the retarding voltages is 0.5 mV. Design
and calibration of the instrument are such that electron density and temperature
can be measured with an accuracy better than 10%.

Because of the needs of the mass spectrometer the B II payload had an
active attitude control system (ACS) so as t0 point the rocket axis always
in the direetion of the velocity vector. Thus, the RPA axis was always oriented
t0 Optimum ram direction, during ascent and descent. The payload control
was achieved by a pulsed Freon gas beam, which was fired about once a
Spin period (0.5 s). As a consequence the natural environment near the rocket
was influenced by a Freon Cloud. Its influence t0 the plasma measurements
will be discussed in the following section. The position of the Freon outlets
(Nozzle 1 and 2) relative t0 the RPA sensors is shown in Figure 2. In addition
t0 this there was a Helium outlet of the cooling system of the cryomass-Spectrom-
eter.
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Results

The transmitted RPA data are of excellent quality for both flights. After boom
deployment at 90 km altitude the Langmuir current-voltage Charaeteristic ap-
peared at Sensor A and the ion saturation current at Sensor B. In Figure 3a
an example of sueh a half-logarithmic current-voltage curve is shown. The
most important part of the curve is linear with a decrease by about 2 orders
of magnitude. Such curve is expected for a Maxwellian energy distribution
of the electrons. The maximum SIOpe of this curve determines the electron
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temperature. All current-voltage curves were analyzed. During ascent we found
at 100 km altitude an unexpected hump in the lower part of the Characteristics
as shown in Figure 3b. This proves that a second negative particle population
is present with higher than thermal energy. The hump is increased after a
nozzle fire. During descent n0 hump was observed in the same height region.
This leads us t0 suppose that the observed partieles are not of natura] ionospherie
origin. We assume that outgasing, may be in eonneetion with the Freon release,
produees negative ions. A rough analysis shows that the hypothesis of negative
ions with a mass number greater than 50 mu and a temperature below 300 K
is agreeable with the observed curve. At altitudes where these particles are
present the true eleetron temperature can not be obtained by the usual automatic
program such that individual analysis is needed.

During eaeh nozzle firing of the ACS the payload is surrounded by a Freon
Cloud expanding into space. We try t0 point out how this gas release effects
the thermal plasma measurements. The first serious effect is that the payload
potential which uses t0 be always negative in the ionosphere beeomes more
positive. A eorresponding voltage shift in the Langmuir curves is observed
after every nozzle fire. The potential inerease is between 120 and 200 mV.
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The time delay between the gas release and the potential change is probably
less than 10 ms, which is the time resolution of the nozzle fire Signal. Figure 4a
shows the variation of the payload potential during firing of a nozzle (this
is an observation of an earlier rocket fiight with the same propellant gas).
A short gas release leads to a potential change lasting about 200 ms. During
that period the plasma density in the neighbourhood of the payload is changed
and the ratio between the positive ion and the negative particle flux to the
rocket is increased. Secondly we observe an increase of the measured ion eurrent
by up to 30% and more as shown in Figure 4b. A first current peak is observed
between 20 and 70 ms after the nozzle fire followed by a more pronounced
second peak. The observed minimum between the peaks is oonsistent with the
assumption that the plasma density has a minimum at the side opposite to
the firing nozzle due to the shadow of payload. This rarefied area is erossed
by the spinning sensor B always 90 rns after a nozzle-l—fire (see Fig. 2). Within
200 ms the electron eurrent measured by sensor A was also increased. This
confirms that the plasma density is usually enlarged by ionization of the gas
released from the ACS. For sensor B the density enhancement is more pro-
nounced when the closer nozzle 2 is aotivated. The described effects are observed
quite generally with only one exception namely at the apogee of the second
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flight. When there for about 10 s a large amount of gas was released the plasma
density did not increase, but decreased.

We determined the ion density from the current of Sensor B according
t0 the equation

_ I‚1— qFTvcos.Sl (1)

I is the current averaged over 0.3 s, F the effective area of the eollector, q
the elementary Charge, T the grid transparency, v the rocket velocity and .9
the angle between rocket velocity vector and sensor axis. Equation (l) is a
good approximation for the saturation current as long as vcos9 is much greater
than the thermal ion veloeity. This is true during the whole flight pass because
the apogee velocity was greater than 800 ms‘l. The density profiles of both
flights are shown in FiguresSa and b. (These data are not yet correeted for
the density increase due t0 the ACS. Up and downleg of the January 4 density
profile fit well together. As for January 21 the apparent discrepancy between
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ascent and descent could still be due t0 incorrect orbit calculation. Upleg and
downleg profile can be matched together when the computed apogee height
is reduced). Both profiles Show a maximum density of 9.10“D m‘3; there is
n0 significant deviation from an expected E-region profile under daylight condi-
UOI'IS.

Because of the earlier mentioned not Maxwellian Langmuir characteristic
during ascent, we could readily deduce the electron temperature only with the
downleg data. The density change and the potential shift caused by the ACS
deform the sloPe of the current—voltage curves t0 higher and lower values depend-
ing on the time after nozzle fire. As a consequence we get some scatter between
the individual data points and an averaged more significant temperature prüfile.
Figureö Shows the individual data points and the averaged temperature for
January 21 and for the smoothed temperature profile of January 4, with Clearly
higher temperature.

The potential of the payload is determined from the highest slope of the
semilogarithmic current-voltage curve. We get a rather negative Charge as shown
in Figures 7a and b. Compared with 0ther rocket flights the rocket potential
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of —2V or more is quite important. This could be the result of the rather
small ratio of the effective ion collecting area in ram position and the total
surface of the payload (which collects the faster electrons).

In the last Figures 8a and b the integral electron flux above 10 eV is shown.
The flux profile of the first flight has no significant differenee between up
and downleg, which indicates nearly isotropic flux. During the second flight
the data show that the downcoming flux measured during ascent is higher
and almost independent of the altitude. However, since we had attitude control
with increasing height the sensor points more and more horizontaly so that
a vertieal flux which might grow slowly with height may not be recognized.

5. Conclusions

The data presented are not yet corrected for the disturbance caused by the
gas release of the ACS and must therefore be considered as preliminary. The
calculated height of the second flight may be in error by one or two km.
All that, however, does not effect seriously the more general results. During
these anomalous winter days in the height range 100—115 km we could not
observe a significant deviation of the electron density profile from normal E-re-
gion behaviour. The strong radio wave absorption observed by ground based
measurements is only due to a strong density enhancement in the D-region.
The downward directed suprathermal eleetron flux was smaller for January
4. Assuming that the total production of photoelectrons was equal on both
days (as it is measured for the upward flux) we may argue that the downward
flux was more absorped on January 4. At the same time the electron temperature
was increased. Now it is well known that the slowing-down process of photoelee-
trons depends on the neutral atmosphere. An increased atomie oxygen density,
for example, on January 4 could absorb a larger amount of the photoeleetrons
produced at a higher altitude range. (Dalgarno et al.‚ 1971). A part of the
photelectron energy is always transferred to the thermal electrons. The increased
eleetron temperature and atomic oxygen density as measured by the mass-
spectrometer are in agreement with these considerations. A more complete pie-
ture may later be determined when the whole set of simultaneous measurements
becomes available.
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A Rocket Borne Experiment t0 Measure Plasma Densities
in the D-Region
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Abstract. A description of two experiments is presented which, combined on
the same rocket payload, can possibly provide the most accurate plasma
density measurement in the lower ionosphere.

Key words: D-region — Winter anomaly — Plasma density — Faraday
rotation — Differential absorption — Electrostatic probe.

1. Introduction

One of the most important parameters of any D-region study is the density of
free, thermal electrons and ions. Not only is a considerable part of the solar
energy converted at these altitudes used to create free electrons, the electron
density in this region of the ionosphere also oontrols the radio wave ab-
sorption. hence also the anomalous HF absorption observed in Winter. The
experiment oonsists of two independent instruments: A radio wave propagation
method (Faraday rotation and differential absorption), and an electrostatic
probe. The results of both instruments supplement each other yielding very
accurate absolute densities of electrons, the probe, once normalised to the
Faraday data, can provide good height resolution. Furthermore, an in-situ
measurement has advantages when measuring under unstable conditions. ln
contrast to a propagation experiment, it is uninfluenced by changes of the
plasma underneath, which could be interpreted as the effect of the height layer
under consideration. The use of a probe in addition to a propagation experiment
is therefore always adviseable whenever plasma densities are to be measured
which are more or less constant (above ca. 100 km).

Hence. a propagation experiment alone should only be employed at heights of
steadily increasing densities (D-region). A combination of both experiments was
therefore flown on both B IV payloads (Nike Apache) with nominal apogees
around 130 km.
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2. Faraday Rotation and Differential Absorption

A magneto-plasma, such as the ionosphere, exhibits a dual, complex refractive
index for left and right hand sense of circular polarisation, respectively. Both
indices are functions of the electron density, Ne‚ the collision frequency, v, the
Signal frequency, f, and the (Earth’s) magnetic field, B. The refractive index (‚u0
+jX0) of the wave polarisation which also exists in absence of a magnetic field,
is referred to as that of the ordinary wave (in the Northern hemisphere: left
hand circular for frequencies above the gyro frequency, fg). The other index („x
+jXx), controlling the other polarisation sense, is called the extraordinary and
only exists in presence of a magnetic field (C.f. e.g. Budden, 1966). A linearly
polarised HF wave transmitted from the ground t0 a rocket payload, can be
considered as the superpositioning of a right and left hand circularly polarised
wave. In absence of a magneto-plasma, the resulting polarisation will be a linear
one parallel t0 the original polarisation, since both waves having the same
velocities arrive simultaneously with the same amplitude at the receiving aerial
(at the rocket payload). The difference in the real parts of the refractive indices
leads t0 different arrival times of the two partial waves. Their superpositioning
results in an elliptical polarisation whose major axis will be rotated by an angle,
‘P, against the original linear polarisation (Faraday rotatiOn):

d‘PJ-Cf- (uo-ux) ds, rad
l

(1)

ds=element of the propagation path
c=velocity of light.

Similarly, from the difference of the imaginary parts of the two refractive
indices, the differential absorption (DA) can be derived:

2dDA 2.21 (x0 -xx) 2010g e ds, dB. (2)

In the observed elliptical polarisation, the major axis, Amax, is the sum, and the
minor axis, Ami“, the difference between the two partial wave amplitudes
(ordinary and extraordinary).
Hence, the differential absorption can be deduced from:

DA=20 log {(10M/20— 1)/(10M/20+ 1)}, dB (3)
M =Amax/Amin modulation in dB.

The most general formulation of the refractive indices is given by Sen and
Wyller (1960). Particularly if investigations in presence of high collision frequen-
cies are made (D-region), the rather complicated Sen and Wyller theory has t0
be employed. This is especially true for the computation of the collision
frequency itself. The observed Faraday rotation and differential absorption, as
well as the height t0 which a sounding frequency can yield usable data, are
functions of that frequency.

Figure 1 ShOWS the dependence of 'P and DA (per kilometre of height) as a
function of frequency for a given set of parameters expected at 75 km for a
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launch from “ E1 Arenosillo”. The frequencies 3.883, 7.835 and 15.011 MHz were
chosen t0 ensure that once a frequency is absorbed, a higher one will provide
data. This figure also demonstrates that frequencies below the gyro frequency
can yield useful data, particularly at lower altitudes (high collision frequencies).
At the latitude of Southern Spain this would, h0wever, mean a frequency of less
than 1 MHz, which for practical purposes was not considered (interference with
broadcast stations).

For each ofthe three sounding frequencies there was a transmitter of 500 t0
800 W output feeding ‚1/2 aerials, ‚1/4 above ground radiating with linear
polarisation. The payload side consists of a receiver for each frequency fed from
a common, linearly polarised (dipole) aerial (2 Spikes of app. 30 cm). The
outputs, representing the momentary fieldstrengths measured by the scanning
dipole (spinning rocket), are telemetered by analogue words.

3. Electrostatic Probe

A sphere inside a spherical grid (at rocket potential) is biased t0 collect charged
particles of one polarity (here: positive ions). The bias is chosen high enough t0
safely repell the unwanted species even if the rocket potential changes during the
flight, but low enough t0 avoid secondary emission on the inner sphere (22.5 V
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Fig. 2. Block diagramme of eleetrostatic probe

were chosen). The current thus detected is given by Sagalyn et a1. (1963)

1:10f(UT‚ v) (4)
where I0 znrz eN vT denotes the eurrent to the stationary sphere (sphere radius,
r, eleetron Charge, e, density, N and the probe/rocket velocity, v).

vT=]/ 8k T/nm p (5)

deseribes the particles’ thermal velocity (Boltzmann constant, k, temperature, T
and species mass, m). Numerical values of D and E-region eonditions and
typical sounding rocket velocities (100 to 150 km apogee) ShOW that for electrons
the rocket veloeity is negligible compared to the thermal velocity (stationary
current 10). In the case of ions, however, they can almost be considered as
stationary, the probe simply samples a volume defined by the sphere’s diameter
and the rocket velocity vector (e.f. e.g. Folkestad, 1970).

Therefore, colleeting positive ions makes the measurement much less de-
pendent on a good ion temperature model. The mass of the dominant species
also hardly influences the result for a large part of the flight. Since on the other
hand, the rocket velocity must always be known accurately anyhow, the probe
was biased to measure positive ions. The current thus collected by the deploy-
able probe was amplified in a logarithmic amplifier whose input was switched to
four calibration resistors ranging from 108 to 101 1 Q (currents from 2 x 10’ 7 to 2

>< 10‘ 10 A, Fig. 2). Because of the different response times, the lower calibration
currents were switched on longer than higher ones; to facilitate data processing
the calibration cyele was eontrolled by the PCM telemetry (every 8160 frames or
app. 8.4 s, Ulrich et al.‚ 1976).

4. Results

Due to interference from outside the payload, not all frequeneies yielded data,
eleetron densities could, however, be derived up to apogee from both B IV
flights of the two salvoes. The raw data were processed to yield absorption and
Faraday rotation by a correlation programme deseribed by Torkar and Fried-
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rich (1976, the Earth’s magnetic field model used is the one given by Chain et a1.
(1965) and the semiconductor integrals required in the Sen and Wyller for—
mulation were computed according t0 Hara (1963). First the collision frequency,
v, was determined from the first B IV of January 4th, 1976. Best agreement
between Faraday rotation (1883/7835 MHZ) and differential absorption (3.883
MHZ) was obtained with a height dependent proportionality factor, K :1=/p, t0
the CIRA (1972), pressure, p, of the form:

K = 1.95 ><105 exp (0.0205 x h), mz/N s (6)

h in kilometres
p in N/m2

similar t0 a study by Mechtly (1974).
Figure 3 Shows the electron density profile derived from the same flight using
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prepagalion experiment (up and downleg data separated by one decade)

the eellision model of Equation (6). The line labelled “most probable profile”
was ebtained by simulating Faraday rotation and differential absorptien until
best agreement with the raw data was achieved as described by Friedrich and
Jacobsen (1975). The data gap around llO km which also appeared on the flight
of the seeond B IV (January 213t, 1976) is due t0 interference from an unwanted
transmitter, disappearing above that height and also be seen on the downleg.
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Unfortunately, due to mechanical reasons, only the probe of the second B IV
deployed and provided data. Because of the supersonic velocity of the rocket,
the probe which stands out some 30 cm to the side of the payload will move in
and out of the shock cone. The current thus spin-modulated, can be considered
to represent the true, unperturbed value Whenever the probe is outside the shock
front (maximum of the current observed in each spin period). The position of
this maximum relative to an aspect sensor should only change slowly during the
flight with the angle of attack to the payload. In the data reduction, the rocket
rotation sectors where the maxima occur are first plotted versus flight time.
Only from this (smoothed) angular range of some i20° the averaged values are
considered to represent the “true” ion densities. The current values obtained by
this method (one per spin period) are then converted to ion density using
Equation (4) by Sagalyn et a1. (1963), with an ion temperature profile similar to
CIRA (1972) neutral temperatures and ion mass, m, of 16 and 32 which show only
a few percent difference in the result. Figure 4 shows the profile of the density of
positive ions, above 80 km normalised to the electron density derived by the
wave propagation experiment. This proeedure is justified, since the mass spec-
trometer on the same payload measured the last negative ions much below that
altitude (Arnold, private communication).

The gaps in the profile are at the times of the mass spectrometer’s neutral gas
mode which interferred with the measurement, the angles indicate in-flight
calibration. The good agreement between up and downleg demonstrates that:

— The computed trajectory is correct.
— The plasma density remained stable during the flight.
— The assumption of the maximum current observed in a spin period

representing the true value is a realistic one.

5. Conclusions

It seems fair to say that the combination of the two described instruments is
ideal for the measurements in the D and E-region. For rocket flights outside the
auroral zone where commercial radio stations are heavily absorbed, perhaps
more than three sounding frequencies should be employed since one cannot
predict all interference from other stations by monitoring the frequencies on the
ground.
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Measurements Of Lyman-x Extinction
and Energetic Charged Particle Precipitation
during the European Winter Anomaly Campaign 1975—76

E.V. Thrane, B. Grandal, O. Hagen, and F. Ugletveit
Norwegian Defence Research Establishment, P.O. Box 25, Kjeller, Norway

Abstract. The paper deals with two different experiments, both designed
t0 measure mesospheric parameters of importance for the understanding
of the Winter anomaly in ionospheric absorption. Solar Lyman-oc is absorbed
in the atmosphere mainly by molecular oxygen, and from measurements
of its intensity variation with height, density, pressure and temperature may
be derived. The results indicate temperatures significantly above the standard
atmosphere values in the height range 70—90 km, during Winter anomaly
conditions, as measured on two Nike-Apache sounding rockets. The same
rockets carried GM tubes and a solid state spectrometer t0 measure the
flux of energetic charged particles penetrating into the mesosphere. The
results Clearly show that ion production from such particles could not have
caused enhanced electron densities during the Winter anomaly events studied
in this campaign.

Key words: Solar lyman—oc — Mesospheric temperature — Energetic charged
particles —— Ion production — Solid state detector.

l. Introduction

Throughout the years since its discovery many mechanisms have been proposed
t0 explain the Winter anomaly in ionospheric absorption. The experiments t0
be described in this paper were designed t0 test 2 of the hypotheses put forward,
a) that the increase in absorption was associated with Changes in the state
of the neutral atmosphere and b) that increased ion production from precipita-
tion of energetic particles causes enhanced ionization densities (Meehlum, 1967).

Measurements of the extinction of solar H-Lyman-oc radiation have been
a successfull means of deriving neutral gas temperature, density and pressure,
(Hall, 1972; Thrane and J ohannessen, 1975). The experiment consists of a simple
ionization chamber, sensitive t0 the solar radiation at 121.56 nm. The particle
fluxes were measured by Geiger Müller tubes and a solid state telescope recently
developed at NDRE (Hagen, 1976).
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Both experiments were mounted on the rockets code-named BIVI and BIV II,
flown from Arenosillo on January 4th, 1976 at 14:30 UT and January 2lst‚
1976 at 14:32 UT, respectively. Both rockets reached an altitude of about
130 km. The experiments were partially successful.

2. The Lyman—cz Experiment

2.1. Principle of Method

The experiment is based on the fact that H-Lyman-oc radiation at 121.6 nm
is a very intense 1ine in the solar spectrum, and that this radiation is absorbed
in the atmosphere almost exclusively by molecular oxygen, 02. Consider radia-
tion of intensity I incident at an angle x upon an atmospheric layer of thickness
dh with oxygen density [02]. Then the radiation absorbed in this layer is

d1(h) = 1(h) a[02] (h) sec x dh (1)

where 0 is the absorption cross section of the radiation. From this equation
the density [02] may be derived as a funetion of height h if a is known and
the relative change of intensity with height is measured

_ 1 dI(h) cosx
[OHM—m —dh— T

Assuming that the intensity outside the atmosphere, 100, is known, the atmo-
spheric pressure is found by integration which yields:

__ cosx M
p(h)-— K U ln

I CD

where K is a constant if the atmospheric gases are completely mixed and 0
is assumed t0 be constant.

A more eomplete theory including a variation of intensity as well as absorp-
tion as a funetion of wavelength across the width of the solar H-Lyman oc 1ine
has been described by Hall (1972).

Finally the temperature may be determined from the equation of state

p(h) ‚ i
[021(11) Km2.};

where k is Boltzmanns constant, n71 the mean molecular mass and g the acceler-
ation of gravity.
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2.2. Experimental Technique

The apparatus of the Lyman-oc experiment consisted of four parts. These were
the detector set, a linear electrometer, a bias voltage supply and an auto-ranging
device.

The detector set consisted of two unity gain vacuum-ultraviolet photoioniza-
tion ehambers manufactured by Artech Corporation. The Chambers had a copper
housing, a lithium-fluoride window and a tungsten centre electrode and were
filled with nitric oxide at a pressure of 20 torr. This combination made the
Chambers sensitive t0 radiation between 105.0 nm t0 135.0 nm. The quantum
efficiencies, estimated by the manufacturer, were about 60% at 121.6 nm.

The chambers were mounted as shoWn in Figure 1 in order t0 have eaeh
ehamber point towards the sun once every spin period.

One of the chambers in the detector set had a protection cap, which was
released 64 s after launch at an altitude of about 66 km. Lithium Fluoride
is a hygroscopic material, and the cap was designed t0 protect one of the
windows from possible changes in sensitivity due t0 atmospheric humidity.
A comparison of the results from the pair of Chambers on one of the rockets
showed n0 detectable sensitivity change.

The linear electrometer had a dynamie range from 10’ 1° A t0 3,2 >< 10“ 8 A.
The input impedance was 60 MQ. Internal calibration was performed eaeh 2,2 s
during the flight and eaeh calibration lasted 4 ms. Current measurements were
made at a sampling rate of 1116 Hz.

An auto-ranging device followed the electrometer. This divided the output
swing from the electrometer into eight equal ranges. Between eaeh range was
a small amount of hysteresis. Three bits in the telemetry format were used
t0 monitor the range number. With this device the telemetry resolution was
expanded from 8 t0 nearly 11 bits, giving a total current resolution of about
16,5 pA/bit.

A bias voltage of minus 45 V was supplied by a dry charged battery and
was applied t0 the centre electrode of the detector in order t0 minimize the
effects of photoemission.

The angle between the solar rays and the axis of the ionization chambers
was determined by an attitude sensor. This sensor consisted of a light-sensitive
transistor housed behind two narrow slits forming an angle of 45 degrees. Every
spin period the light-sensitive element was triggered twice and the length of
the interval between eaeh triggering was measured by counting the PMC-teleme-
try bit-frequency (250 kbit).

The accuracy of the attitude sensor was estimated t0 be better than i 1%.

2.3. Results

In the rocket BIV I both Lyman-oc detectors as well as the solar attitude sensor
functioned well. However, the rocket developed a large coning, and for this
reason the sun was not within the aperture of the sensors during parts of
the flight. In BIV II only the Lyman-oc detector, which was protected by a



|00000114||

102 E.V. Thrane et a1.

ROCKET AXIS

70° 70°

Fig. l. Orientation of H-Lyman-oc detectors

cap‚ worked and the solar attitude sensor failed. Fortunately this rocket had
only moderate coning. The spin rate of both roekets was about 3.5 rps giving
about 3 intensity maxima for each detector every second. In order to minimize
the effect of noise in the data, the amplitude of each of these maxima was
determined by fitting a eurve to the data points. Lyman-oc intensity as a function
of time is shown in Figure 2 for both flights. The intensity eorreeted for coning
is also shown. There is an uncertainty in the determination of 100, the intensity
outside the atmosphere, and the extreme values possible for this parameter
are indicated on the figure. For BIV II the ooning eorrection is based on magne-
tometer data. The atmospheric pressure, density and temperature were derived
from the corrected intensities in the manner outlined in section 2.1.

The uncertainties due to random scatter in the data as well as the effect
of systematic errors due to coning and uneertainties in Ioo were estimated.
Figure 3 shows as an example the derived temperatures for BIV II. The derived
values are significantly larger than the CIRA (1972) values also indicated in
the figure. A detailed discussion of the results will be given elsewhere.

3. The Particle Experiments

3.1. The Particle Detectors

The solid state telescope measured the spectra of precipitating high-energy
charged particles. The instrument could resolve eleetron energies in the range
38—800 keV and distinguish between electrons and protons. The instrument
had 4 basic parts. These were the sensor unit, the preamplifier, the pulse height
analyzer and the bias voltage supply.

The sensor unit was based on 2 silicon surface barrier detectors manufactured
by Ortec Corporation, mounted in a teleseopic eonfiguration. The front detector
was of the totally depleted type with an active area of 50 mm2 and a thickness
of 150 microns. The detector was penetrated by ineident electrons with energies
> 185 keV and protons with energies >4 MeV. The rear detector, which had
an aetive area of 150 mm2 and a thickness of 1000 mierons, was partially
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depleted. This detector could resolve electron energies up t0 800 keV and mea-
sure the integral flux of electrons with higher energies. The relation between
the incident electron energy and the energy deposited in the rear detector was
for incident electrons >O.25 MeV, according t0 Katz and Penfold (1952):

E z
(E1,265+_Q_)0’79

0 1 412
where E0 is the energy of the incident electron in MeV, E1 is the remaining
energy of the electron after penetration of the first detector in MeV and d)
is the total density of the front detector in mg/cmz.

The telescope housing and collimator were made of aluminium and poly—
ethylene. Several traps in the collimator served t0 avoid reflection of particles
into the detector. The aluminium side of the front detector pointed outwards
t0 make the telescope insensitive t0 light.

The geometric factor for the telescope was

6:0,14 cm2 sr.

The preamplifier was of the Charge sensitive type. The principle of detection
was based on the traditional voltage mode system, where the signal is integrated
at the detector t0 a pulse having a short rise-time followed by a long “tail”.
The Signal was differentiated twice in the two last stages of the amplifier.
The sensitivity of the Charge sensitive part of the preamplifier was 34 mV/MeV
and the resolution was 4.8 keV (fwhm, Si) at zero input capacitance with a
noise slope of 64 eV/pF.

The pulse-height analyzer was made of comparators and CMoslogiC. The
analyzer had eight outputs corresponding t0 the different energy ranges as
shown in Table 1.

The telescope was calibrated by using radioactive sources and an Ortec
precision pulse generator, t0 within an accuracy of 10%.

The bias voltage supply consisted of dry Charged batteries embedded in
epoxy. The voltage was controlled on —off by a relay and applied t0 the detectors
through an integrating network with a time constant of approximately 2.2 s.

As a supplement to the solid state telescope, two Geiger-Müller counters
were flown. The detectors were manufactured by LND, Inc, and were of the
type 710. A twelve micron thick mylar sheet was added t0 one of the detector
windows t0 raise the 50% transmission point (cut-off) from 40 keV t0 60 keV.
Both detectors were integral counters.

Table l. Calibration table. All energies in keV

Output l 2 3 4 5 6 7 8

BIVI e“ 44—100 100“"O 210—300 300—400 400—550 550—800 800"“)
p 44—100 100—230 230—4000 4600‘00

BIV II e‘ 38—100 100 °° 220—300 300—400 400—550 550—800 800 "°°

p 38—100 100—230 230—4000 4600 °°
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The Signal was picked up across a resistor on the groundside of the detector
and shaped in a simple network t0 be compatible t0 the telemetry. The plateau
voltage was supplied from a zener regulated DC-DC converter.

Geometrie factors were for both detectors

G=3,24 ><10_2 (am2 sr.
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3.2. Measurements

In rocket BIV I the door in front of the partiele detector assembly failed
to open during flight. In rocket BIV II the experiment worked satisfactorially,
recording electron and proton precipitation for energies above 38 keV. The
partiele fluxes were very small, nevertheless a differential energy spectrum shown
in Figure 4, was derived from the measurements. This spectrum was used t0
calculate the ion production as a function of height, (Fig. 5), using the method
of Rees (1963). The ion production is very small, much too small t0 make
a significant eontribution t0 the total ion production from normal solar radiation
at heights above 70 km. Below 70 km the production is of the same magnitude
as the produetion to be expeeted from galaetie cosmie rays.

4. Conclusions

The two experiments outlined in this paper gave information about the state
of the lower ionosphere during winter anomaly conditions. Two tentative conclu-
sions may be drawn from the data. a) The neutral gas temperature in the
height range 70—90 km was significantly higher than expected from the standard
atmosphere (Cira, 1972). b) The ion production due t0 precipitating energetie
electrons and protons was too small t0 give a significant contribution t0 the
total ion production, except perhaps between 60 and 70 km.
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Note Added in Proof

New values of the photo absorption eross section of molecular oxygen near the Lyman-oc 1ine have
been used t0 derive the results in Figure 3 (Carver et al., 1977)
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Mesospheric Molecular Oxygen Density, Pressure
and Temperature Profiles Obtained from Measurements
of Solar H Lyman—oz Radiation

A. Loidl and H. Schwentek

Max—Planck-Institut für Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. The extinction in the mesosphere of hydrogen Lyman-oc radiation
from the Sun was measured by ionization chambers being part of a complex
payload (BH) flown on two rockets of type Skylark. The rockets were
launched from E1 Arenosillo, Spain, (37.10°N; 6.73°W), at 1630 UT on
4 and 21 January 1976. From these measurements molecular oxygen density,
pressure, and temperature profiles were determined, and are presented for
the height range 70—90 km. The oxygen density and temperature profiles
differ considerably from the CIRA 1972, but in a reasonable tendency.
We suggest this t0 be due t0 the strong winteranomalous conditions during
the days of measurement.

Key words: Extinction — Mesosphere — Solar H Lyman-oc.

Introduction

From measurement of the absorption in the mesosphere of hydrogen Lyman-oc
radiation from the Sun the density of molecular oxygen can be determined.
The technique of applying ionization chambers for such an experiment is well
known, and has been used by many workers (Carver et al., 1964; Hall, 1972;
Smith and Miller, 1974). Below heights of about 85 km, the dissoziation of
molecular oxygen may be neglected, and the major constituents of the meso-
sphere are well mixed. Thus, from the molecular-oxygen density-profile, the
corresponding mesospheric pressure and temperature profiles can be calculated.

The described experiment was made in the framework of a comprehensive
aeronomy programme in order t0 take advantage of this rare opportunity,
that is, t0 measure simultaneously, and at the same location, a variety of essential
parameters of the mesosphere, the same parameters redundantly, and also by
different methods.

In this paper only the very experiment and its results are presented. The
combination of these results with those from the other experiments will be
the subject of another paper.
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Method of Measurement

The solar H Lyman—oc radiation was measured redundantly by two ionization
chambers (type CIU 4c) with magnesium fluoride end windows and carbondisul—
fid filling gas under a pressure of 20 millibar. The spectral sensitivity of these
sensors, as determined by the material of the window and the filling gas, is
shown in Figure 1. An absolut calibration was carried out using a vacuum
ultraviolet monoehromator and comparing the ionization ehambers with a win-
dewless NBS ultraviolet photodiode. For suppressing photoelectric emission
from the wall, the shell electrodes of the ionization Chambers were operated
at a positive potential (about+50 V; unity gas gain). Figure 2 Shows the quan—
tum efficiency of the chambers, as a function of the applied voltage, and Figure 3
their relative sensitivity, as a funetion of the angle of ineidence 0f the radiation.
Partieular care was taken t0 protect the ionization ehambers against humidity.
Therefore, that section of the rocket where the sensors were mounted was
filled with dry nitrogen.
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Before the rockets were launched, the sensors were turned to definite angles
against the axis of the rocket by a remote control, depending on the actual
solar zenith angle. Since the rockets were trajectory stabilized, the sensors had
t0 be traversed by means of a programmed timer near the apogee in order
t0 be directed towards the Sun also on the downleg.

The electric currents obtained from the ionizations chambers were amplified;
and at each rotation, their peak value was converted into a digital word, and
this stored in a memory, from which it was read out by the telemetry system.
Triggered by a particular solar sensor, at each rotation of the rocket, two
measurements were made, one, when the sensor pointed at the Sun, and the
other, when the sensor was opposite t0 the Sun. By the second measurement
the seattered radiation could be found.

The first rocket was launched at 1630 UT on 4 January 1976 at a solar
zenith angle of 73°22’, the second at 1631 UT on 21 January 1976 at 70°02’.
Both flights were successful. Unfortunately, the real flight trajectories of both
rockets deviated considerably from the nominal trajectory for which the experi-
ment was adjusted. Therefore, the sensors did not point at the Sun during
the entire part of the trajectory as it was planned.

A detailed description of the experiment is given in a technical report (Loidl
and Boogaerts, 1976).

Results

Figure 4 shows the measured solar H Lyman-oc intensities of each flight. The
absorption profiles are slightly different, crossing at 80 km. Perhaps a cause
for the differences in the upleg and downleg curves may be that the distance
between up and down trajectory was about 200 km. Due to the deviation of
the rocket from the planned trajectory, it was not possible t0 measure Ioo.
But it can be extrapolated using the formula

0-1901)
10C=Ih

expm,
(1)

where 0:0.8 x 10' 24 m2, [9(11) pressure (taken from CIRA 1972 and introducing
some uncertainty) at height h, K222 >< 10’24 Nnnimi/MOZ), X solar zenith
anlge, 11:85 km (flight 4January 1976), hzll9 km (flight 21 January 1976).
So it was calculated [00:271 ><1011 Ph cm‘2 s’1 on January 4, and Ioo:
2.43 ><1011 Ph cm‘2 s71 on January 21. This value is about 10% lower
than the value published by Hinteregger et al. (1965) which is Ioo =
2.7 >< 1011 Ph cm" 2 s‘ 1. An explanation for this may be a decrease in quantum
efficiency of the ionization chambers which were calibrated at 30 October 1975
and flown in January 1976. For, three chambers were treated under comparable
circumstances but not flown in a rocket, and recalibrated in March 1976. The
result was a loss in effieiency up t0 50%. For the flight of 21 January 1976,
a larger inaccuracy was introduced by uncertainties concerning the real flight
trajectory.
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Planning the experiment it was hoped that the US Naval Research Labo-
ratorylwould start the announced two Solar Radiation (SOLRAD) Satellites
in time, so that the solar H Lyman-oc intensity could be determined absolutely
by satellite. Thus, a comparison of the spot-Check measurements by the rockets
with the continuous measurements aboard the satellites would have been possible
in real time. Unfortunately, the SOLRAD satellites 11a and 11b were not
started earlier than on 15 March 1976. Therefore, it is an open question which
the absolute intensities of solar H Lyman-cx radiation were, and which difference
in the intensities really occurred between 4 and 21 January 1976.

Sinee for the calculation of the molecular oxygen density, pressure and
temperature profiles only the relative variation in H Lyman-oc intensity is
important, and thus, a longterm variation in the response of the chambers
must not be taken into aecount, more reliable data should be expected for
those profiles.
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The Oz-density profiles were determined using a fixed absorption cross-
section 0:0.8x10—24 m2 for the entire height range, although a theoretical
consideration by Hall (1972) recommends t0 apply a cross-section varying with
height in order t0 achieve higher accuracy. Smith and Miller (1974), however,
showed comparing data obtained from simultaneous measurements using various
other techniques, that the assumption of a constant cross section leads t0 the
best agreement with these measurements.

N0 correction was applied for the effect of dissociation of molecular oxygen,
because up t0 heights of about 85 km this effect seems t0 be negligible. The
molecular oxygen density-profiles are shown in Figure 5. These profiles d0 not
only show smaller densities than the CIRA 1972, up t0 a factor of two, but
also deviations from a steady decrease.

In a discussion of these curves it should be kept in mind that a model
atmosphere like the CIRA gives something like a climatic average from which —
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at latitude 37.10°N on 4 and 21 January at winteranomalous conditions compared with the CIRA
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particularly during winteranomalous conditions—larger deviations are t0 be
expected. A similar case is found in the stratosphere when a period of strato—
spheric warming occurs.

The mesospheric pressure and temperature profiles presented in Figure 6
and Figure 7 were calculated using a constant value K=2.2 ><10_24 N (Hall,
1972)

Estimation of Possible Errors

The extinction of the solar H Lyman-oc radiation, and also the windows of
the ionization chambers, may be affected by water vapor. In order to avoid
at least an influence of water vapor on the windows, up t0 60 km, that part
of the rocket containing the H Lyman-oc sensors was washed round by N2.
The influence of water vapor on extinetion and windows which really occurred
in the mesosphere is not yet known and may be a souree of error. Perhaps
an estimate will be still possible when relevant simultaneous measurements
have been evaluated.

A possible increase of the signal produced by other solar radiation than
H Lyman-oc was redueed as much as possible by use of Mn-windows and
a C82 gas filling which—combined with each other—give a relative narrow
spectral bandwidth of the sensors. _

An influence of the Frigen gas which was used for the attitude control
system of the rocket can be exeluded. An experiment in the laboratory showed
n0 absorption effect on H Lyman-oc radiation.
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It should be mentioned that the use of H Lyman-oc intensity as done in
this experiment implies that the intensity does not vary during the flight of
the rocket. This is an assumption which is not yet proved. It is known that
considerable short-time fluctuations in H Lyman-oc intensity are possible. This
point should be kept in mind interpreting the results.

An effeet on the signal produced by deviation from pointing of the sensors
at the Sun was corrected as far as neeessary.

Due to an uncertainty in the knowledge of the real trajectory of the rocket,
the height seales shown in Figures 4 t0 7 perhaps may be wrong by up to
i 5 km on 4 January, and up to i 10 km on 21 January 1976.

Conclusions

An early synoptic comparison of strato-mesospherie density and temperature
profiles obtained from various methods of measurement, seperated for summer
and winter, showed that, in winter, at middle latitudes, the densities were lower
and the temperature above 60 km considerably higher and more variable than
in summer (Sehwentek, 1968). This Situation was considered as a regular atmo-
spheric background for the occurrenee of an average winteranomaly in iono-
spheric absorption. The molecular oxygen, pressure and temperature profiles
obtained by calculation from the experiments carried out in Janury 1976 differ
more or less considerably from the CIRA 1972 as valid for January at 40° N,
but in the same tendency as mentioned above: The molecular oxygen densities
are lower, the temperatures higher than those given by the CIRA 1972. We
suggest this result to be due to the strong winteranomalous conditions during
the days of measurement. A further, more detailed analysis and discussion
on how these results fit with the others obtained simultaneously is beyond
the seope of this paper.
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Intensity of Solar X-rays in the E Region Measured
by Proportional Counters Carried on Rockets

A. Loidl and H. Schwentek

Max-Planck-Institut für Aeronomie, D-3411 Katlenburg-Lindau 3, Federal Republic of Germany

Abstract. The attenuation in the lower thermosphere of the solar X—ray
spectrum from 0.1 to 10 keV (6 t0 0.2 nm) was measured by Skylark rockets
launched from E1 Arenosillo, Spain (37.10°N; 6.73°W)‚ on 4 and 21 January
1976, at 16.30 UT. The X-ray spectrometers consisted of three proportional
counters different in window material and filling gas. They were part of
a complex rocket payload (BII).

The solar X-ray spectra and the electron-production rate obtained from
the solar X-ray spectrum of 4January 1976 are presented.

Key words: Attenuation — E region — Proportional counter experiment
— Solar X-ray spectrum.

Introduction

In general, the electron- and ion-density profiles in the D-E region may be
considered as a product of the attenuation in the lower thermosphere and
mesosphere of hydrogen Lyman-oc radiation and the X-ray flux from the Sun.
In Winter, however, also other important influences on the electron-density
profiles have t0 be taken into account. This is suggested from the occurrence
of the well known winteranomaly in radio-wave absorption which, in its particu-
lar features, cannot be explained by variations in the solar radiation, although
its degree, in the average, depends on the solar cycle (Schwentek, 197l; Röttger
and Schwentek, 1974). Nevertheless the solar X-ray spectrum should be Observed
simultaneously when measurements of essential parameters of the D-E region
are made, because the solar X-ray flux is one of the main sources of electron
production, and the hard component may be very much enhanced during solar
flares.

Therefore, measurements were made of the 0.1 to 10 keV solar X-ray Spec-
trum by X-ray spectrometers carried on two Skylark rockets, both launched
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from E1 Arenosillo, Spain, (37.10°N; 6.73°W)‚ on 4 and 21 January 1976, at
16.30 UT. The X-ray spectrometer was part of a complex payload (B II).

Since the solar radiation and the Earth’s atmosphere are _always varying
in space and time, such an observation can give only a spot Check. But as
a part of a eomplex experiment, and within a comprehensive aeronomy program,
a simultaneous measurement of the solar spectrum at the same location was
expected to give an useful contribution to the whole.

When planning the experiment it was hoped that the US Naval Research
Laboratory would start the announced two Solar-Radiation Satellites in time,
so that absolute solar X—ray data would also be available from satellites. Thus,
a comparison and calibration of the spot-check measurements made by rockets
with the continuous measurements on board satellites would have been possible
in real time. Unfortunately, the SOLRAD Satellites 11a and 11b were not
started earlier than 15 March 1976.

Equipment and Measurements

The X-ray spectrometers consisted of three proportional eounters different in
window material and gas filling (Table l), and thus in sensitivity. The transmittiv-
ity of the window materials, and the sensitivity of the detectors were determined
by means of a simple Bragg-crystall vaeuum-monochromator which was
constructed particularly for this calibration. The output pulses of the counters,
which are proportional to the applied photon energies, were amplified by a
Charge sensitive amplifier, converted to voltage pulses, these separated by a
5-level pulse—height discriminator, then counted in 8-bit quasi-logarithmic coun-
ters for each period of measurement, and finally, stored in registers for the
read out by the telemetry. The adjustment of the energy ehannels is shown
in Table 2.

Before the rockets were launched, the detectors were turned to definite
angles against the axis of the rocket by a remote control, depending on the
actual solar zenith angle at the time of launching. Since the rockets were trajec-
tory stabilized, the detectors had to be reversed near the apogee using a
programmed timer in order to be direeted towards the Sun also on the downleg.
Triggered by a particular solar sensor (aperture 40°), at each rotation of the
rocket, two measurements were made, one when the sensor pointed at the
Sun, the other, when the sensor was opposite to the Sun. By the second measure-
ment the scattered radiation from the background could be found and recorded.
For both measurements, the solar sensor determined the (same) counting time
of the detectors which was also telemetered.

A detailed description of the equipment is given in a technieal report (Loidl
and Boogaarts, 1976).

The first Skylark rocket was launched at 16.30 on 4 January 1976 at a
solar zenith angle of 73°22’, the second at 16.31 UT on 21 January at 70°02’.
The real flight trajectories of both rockets deviated considerably from the nomi-
nal trajectory for which the experiment was adjusted. The rockets did not
reach the projected apogee, and the windows were ejected at heights which
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Table l. Characteristics of the detectors in the X-ray spectrometer

Number of Energy Window material Gas filling Wire Q Window
X-ray band and thickness and pressure area
detector (keV) (mm) (Bar) (mm) (mm2)

Hostaphan 0.005 Ne; 0.721 0'1‘0'5 Alu; 0.00012 CH4‚ 0.08 0 15 2

2 0.4—2.0 Alu; 0.0064 P 10; 0.8 0.15 4.5

Xe; 0.88
3 2.0—10 Be, 0.0508

CH4; 0.04 0.04 350

Table 2. Adjustment (by a suitable choice of the discriminator levels) of the
energy channels used for the three X—ray detectors. The upper energy level of
channel 5 of detector l was not defined; this channel was only used to detect
a possible disturbance of the detector by electrons during the rocket flight

Channel Detector 1 Detector 2 Detector 3
keV keV keV
(nm) (nm) (nm)

5 —0.42 2.0—1.68 100—840
—2.94) (0.62—073) (0.12—0.15)

4 0.42—0.34 1.68—1.36 840—680
(294—363) (0.73—0.91) (0.15—018)

3 0.34—0.26 1.36—l.04 6.80—5.20
(363—475) (0.9l—1.19) (0.18—0.24)

2 0.26—0. l 8 1.04—0.72 5.20—3.60
(475—686) (1.19—1.71) (0.24—0.74)

1 0. 18—0. 10 0.72—0.40 3.60—2.0
(6.86—12.34) (1.71—3.09) (0.74—062)

were lower than planned. Thus, at the first flight, the thin window of the
low-energy detector 1 was destroyed. At the second fiight, unfortunately, one
of the high-voltage converters failed, and detector 3 (2—10 keV) did not produce
data.

Results

The measured solar X-ray spectrum, as a function of height, is presented in
Figures 1—3.
On 4 January 1976 detector 1 failed; measurable fluxes were obtained from
channel 1 of detector 3, and channels l to 4 of detector 2. Measurements
were made on the upleg and downleg of the rocket, but on both legs not
at each height. At heights where two values were obtained, these values were
equal within the limits of accuracy, and a mean value was caloulated on
January 21, 1976 detector 3 failed.
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On January 1976 Detector 3 Failed

During both flights the solar activity was low‚ but slightly inereased on 21
January 1976, as can be seen by comparing Figures 1 and 3.

Based on the fluxes measured at the apogees, the solar X-ray spectrum beyond
the Earth’s atmosphere was calculated by numerical integration using a model
with a number of thin layers of 1 km thickness, and assuming for the small
region of concern constant atmospheric density. The atmosphere density data
were taken from the CIRA 1972 reference atmosphere, the absorption coeffi-
cients from Henke et a1. (1967). The results obtained from the calculation are
presented in Figure 4. For comparison, the dashed lines indicate the solar
fluxes determined by Hinteregger (1965). The agreement is rather good, and
reasonable since both measurements were made near sunspot-minimum condi-
tions, those by Hinteregger in July 1963 (sunspot minimum in 1964), and those
presented in this paper, in January 1976 (sunspot minimum in 1977).

A main purpose of the described experiment was to find the ionization
production rate, q, due t0 solar X-rays, for comparison with the production
due to other ionization sources during winteranomalous conditions. This was
done by measuring the attenuation of the X-ray flux as it is absorbed in the
lower thermosphere, ealculating the effective spectrum as a function of height,
and from that calculating electron production.

Solar X—rays with wave-lengths up to 10 nm can produce electrons in the
lower thermosphere, and thus contribute to the electron-density distribution
of the E region. Since there are no window materials being transparent for
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X—rays above 7 nm, a measurement of the whole solar X-ray spectrum would
only be possible beyond the Earth’s atmosphere by use of windowless detectors.
Therefore, in order to calculate the electron-produotion rate, it was necessary
to complete the measured curves of solar X-ray flux vs. height (range 0.2 to
2 nm) by curves obtained from measurements outside the Earth’s atmosphere
made by other authors (range 2 to 10 nm) (Hinteregger et a1.‚ 1965).

The calculation of the electron-production rate as a function of height was
also based on the CIRA 1972 reference atmosphere, and on absorption coeffi-
cients published by Henke et al. (1967).

The X—ray spectrum was divided into energy ranges, and for each of these,
the effect of the radiation on N2 and O2 was calculated from the ratio
n(N2)0(N2) :n(02) 0(02), where 0 is the absorption coefficient.

From the set of curves of X-ray flux vs. height, the differential attenuation
of flux was determined. This differential attenuation was splitted up according
to the ratio given above. From the average energy per wavelength range, the
energy of the threshold of ionization was subtracted taking the threshold en-
ergies of the K and L edges into account, and the energy thus calculated
was divided by 35 eV, beoause 35 eV were assumed to produce an electron
ion pair (Valentine and Curran, 1958; Nicolet and Aikin, 1960). Sinoe the
product of absorbing cross-section and atmospheric density of the other atmo-
spheric constituents is small, only N2 and O2 were considered.

The result of the calculations is presented in Figure 5. Curve 1 was determined
only from the values in the range 0.2—2 nm, measured on 4 January 1976;
curve 2 shows the electron production by the entire range 0.2—10.2 nm where
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the part 2 to 10.2 nm on calculations using data taken from Hinteregger (1965).
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A Mass Spectrometer Probe
for Composition and Structure Analysis
of the Middle Atmosphere Plasma and Neutral Gas

F. Arnold, D. Krankowsky, K.H. Marien, and W. Joos
Max-Planck-Institut für Kernphysik, D—6900 Heidelberg,
Federal Republic of Germany

Abstract. An instrument for composition and structure analysis of the
atmospheric plasma and neutral gas at altitudes below 130 km is described.
The probe consists of a quadrupole mass filter which can be operated in
three modes allowing composition analysis of atmospheric positive ions,
negative ions, and neutral gases. The pressure in the spectrometer is kept low
by a liquid helium-cooled cryopump. An electrostatic probe for the measure-
ment of total positive ion densities and an ionization gauge for the measure-
ment of the total gas density and thereby also the gas temperature are also
integrated in the instrument. Some results obtained by two flights of the
instrument during the Western Europe Winter Anomaly Campaign 1975/76
are presented. The measurements indicate drastic enhancements of plasma
densities in the D-region as well as characteristic changes compared to
normal conditions of the positive ion composition namely low fractional
abundances of Cluster ions and high fractional abundances of molecular and
atomic ions.

Key words: Mass spectrometer — Ion composition — Neutral composition
—— D-region — Mesosphere — Middle atmosphere — Winter anomaly.

Introduction

Our current understanding of the physical and chemical processes governing the
neutral and ionized gas in the middle atmosphere (< 100 km) is still very limited
mainly due to the relatively high gas densities which cause complex photochemi-
cal and dynamical processes and which complicate in situ measurements.
Associated with the complex nature of atmospheric processes is a pronounced
variability of the plasma and the neutral trace gases. A striking example for the
complexity of these phenomena is the variability of plasma densities in the
ionospheric D- and lower E-regions. From ground-based observations it was
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found that the mid-latitude D-region exhibits anomalously high radio wave
absorption during Winter (Appleton, 1937). This phenomenon, termed Winter
anomaly in the D—region was attributed to enhanced electron densities at
altitudes below 90 km (e.g. Dieminger, 1952). Further observations revealed a
strong short-term variability of the absorption characterized by time scales of
days (e.g. Lange-Hesse, 1953; Schwentek, 1974). Because of the complexity and
temporal as well as spatial variability of the Winter anomaly it is important to
measure as many as possible relevant atmospheric parameters at the same time
and location. These observations have to be complemented by synoptic
measurements to study the spatial extent and temporal development of the
event. A detailed description of the campaign strategy is given by Offermann
(1977). The scientifie objective within the campaign of the instrumentation to be
discussed in this paper has been to measure composition and structure of the
plasma and the neutral atmosphere in order to help identifying the causes for
the anomalous enhancement of the plasma densities in the D- and lower E—
region. The instrumentation has evolved from many years of research in the
middle atmosphere. It comprises an instrument package deliberately designed
for use on small rockets delivering measurements of composition and density of
ionized and major neutral species as well as densities of several neutral trace gas
and atmospheric temperature.

Instrumentation

Mass Spectrometer .' Ion MOde

A mass spectrometer has to be operated at low pressure in order to avoid
collisions of ions with neutral molecules or atoms. Taking a typical ion path
length of 10 cm a pressure below 5. 10‘4 torr is required. This value corresponds
to an altitude of about 120km in the atmosphere. Consequently, mass spectro—
metric in situ studies of the atmospheric plasma and neutral gas Composition at
heights below 120 km require differential pumping. This implies that the mass
spectrometer has to be mounted inside a vacuum tank into which ions enter
through a small inlet orifice. The neutral gas which also enters the tank has to be
pumped by a high speed pumping system. In a first approximation the sensi-
tivity of the instrument is mainly determined by the pumping speed, as this
limits the diameter of the inlet orifice and thereby the flux of ambient species
into the mass spectrometer. A schematic representation of the instrument is
given in Figure 1. The mass analyzer is a quadrupole mass filter MF of small
length because then it can be operated at Somewhat higher pressures than most
other types of mass spectrometers. This is mainly due to the focussing effect of
the quadrupole field which makes the mass filter less sensitive to changes in ion
injection parameters and to ion scattering. Aside from the MF the vacuum tank
VT also contains a liquid helium-cooled cryopump consisting of the helium
dewar HD and the cold pumping surfaces CS which both are gold plated. In
order to reduce the input of heat radiated from the warm vacuum tank to the
dewar, the latter is surrounded by a radiation shield RS which is cooled by cold
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Fig. l. Configuration of the mass
spectrometer probe. IO inlet orifice,
SC sampling cone, EC ejectable cap,
FI filament, CS cold surface, Vf
vacuum tank, MF mass filter, HD
Helium dewar, RS radiation shield,
IP ion getter pump, VA valve, CM
channel multiplier

helium gas evaporating from the dewar. On t0p of the vacuum tank a sampling
cone SC is mounted bearing the knife-edged orifice 10 with l mm diameter at its
center. The purpose of the S C is t0 attach the shock wave which forms upstream
the instrument when it traverses the atmosphere at supersonic speeds. The
ejectable cap E C covering the sampling cone and released at 55 km on the upleg,
seals the probe after bake-out and calibration in the laboratory. The inside
pressure is maintained below lO‘Ötorr by a small ion getter pump 1P with a
pumping Speed of 0.515“ 1. On most of the ascent part of the rocket trajectory
the flow approaches the instrument under an angle of attack o: which is close t0
zero. By attaching the shock t0 the edges of the orifice atmospheric onstitutents
can be sampled without being disturbed by flow effects. lt should be noted,
h0wever, that an attached shock only forms under conditions of laminar flow
below 65 km and that a modestly detached shock has t0 be expected in the
transition flow regime between 65 km t0 90 km. Here the effect of the sampling
cone is t0 considerably decrease the distance between the shock wave and the
orifica Thus possible disturbances of the sampling efficiency and of the sample’s
composition are minimized. Downstream the inlet orifice ions, either ambient or
fürmed from neutrals in the ion source, are extracted from the gas beam 3nd
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focussed onto the entrance hole of the mass filter by use of a simple ion optical
system. It consists of one cylindrical and two planar grid electrodes which are
located above and below the planar part of the cold surface. The latter freezes
out most of the gas beam. Only neutral particles contained in the central part of
the beam reach the interior of the mass analyzer where they are scattered by
warm walls and finally pumped by the cylindrical part of the cold surface.

In order to investigate the efficiency of the pumping system, the pressure
distribution along the beam axis was measured by use of a miniaturized
ionization gauge under stationary conditions in the laboratory. As seen from
Figure 2 the pressure decreases steeply from its value upstream the inlet orifioe
towards the planar cold surface and continues to decrease further downstream
to a constant value. When compared with a theoretical profile considering no
obstacle downstream the S C which is also shown in Figure 2, the data points
agree reasonable well. When the cold surface is kept at room temperature and
the VT is pumped by a high speed oil diffusion pump, a region of enhanced
pressure forms upstream the planar cold surface due to particle reflections and
scattering. At an outside pressure of 0.5torr the region of enhanced pressure
extends over a distance of 2.5 cm upstream the CS. Under conditions of a rocket
flight the gas beam is more concentrated towards the axis as a result of the
relative velocity between the gas and the instrument which is superimposed on
the Maxwell-Boltzmann velocity distribution of the gas particles. Detailed com—
putations for typical flight conditions at 90 km altitude indicate an increase of
the axial pressure by about a factor of 3 When compared with the stationary
case. This implies that the curve for 0.5 torr roughly oorresponds to a flight
Situation at about 60 km altitude. Here collisions of ions with neutral particles in
the beam are only important on the first centimeter downstream the orifice and
beyond this point effective extraction and focussing is possible. After passing
through the mass filter MF the mass analyzed ion current is detected by a
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channel multiplier CM operated in a pulse counting mode. A mass range from
1 amu to 250 amu is swept in about 2s. Mass spectra of positive and negative ions
and of neutrals are measured sequentially (see Table 1). For this purpose the
electrical potentials applied for extraction, focussing, mass analysis, and ion
detection are changed between subsequent mass scans. A summary of character-
istic parameters of the instrument is given in Table 1.

The fragmentation of fragile Cluster ions found in the D-region during
sampling is a problem that deserved special attention in the design of the
present instrument. Dissociation energies of Cluster ions which are held together
by weak dipole interaction forces can be as low as a tenth of one eV. Such
oomplexes may become dissociated upon collisions with neutral molecules. As
soon as the relative kinetie energy of the collision partners becomes enhanced
with respect to the value in the undisturbed atmosphere, a depletion of fragile
ions may occur which, of course, is associated with an increase of fragment ions.
The kinetic energy may be increased either due to high temperatures associated
with the shock wave or by acceleration of Cluster ions in electric fields. Since
collisions are not very important downstream the inlet orifice collisional dis-
sociation, if at all, only occurs upstream the inlet orifice. If the shock is
attached to the S C, no shock-induced composition of Cluster ions has to be
expected. Electric field-induced decomposition of Cluster ions may occur up—
stream the sampling eone which is kept at a bias potential in order to extract
ions from the plasma. Previously typical potential of 10V were applied (C.f.
Narcisi, 1970; Aikin et al.‚ 1977). Laboratory studies which we have carried out
(Marien and Arnold, 1973), however, revealed severe decomposition of

Table l

Total Mass 11 kg
Overall Length 49.5 cm
Volume of He-Dewar 0.51
Pumping Capacity N 5 - 102 O N Z-molecules
Pumping Speed N50001 s'1
Liquid He Evaporation Rate without Gas Load N028 cm3 s ‘ l
Quadrupole Rod Diameter 0.48 cm
Quadrupole Rod Length 11.5 cm
Mass Filter High Frequency 2 MHZ
Maximum Count Rate 5 MHz
Ion Probe Electrometer 10‘ 12 — 10‘ 6 A
Ionization Gauge Electrometer 10‘ 1 1 — 10‘ 5 A
Mass Range 1—250 amu
Mass Resolution 100
Scan Time 1 s
Altitude Resolution 2 km
MS Detection Limit Ions 20.1 cm‘ 3
MS Detection Limit Neutrals 2 109 cm“ 3
MS Altitude Range Ions 220 km
MS Altitude Neutrals 260km
IP Altitude Range 260 km
IG Altitude Range 260km
IP Detection Limit 10 cm‘ 3
IG Detection Limit N3-109cm‘3
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H+(H20)„ n= 1, 2, 3,4 Cluster ions when 10V are used (Fig. 3). Based upon these
results, we use bias potentials of 2.5V which are just sufficient to overcom-
pensate a possible charge—up of the rocket. The benefits of a sampling cone and
the use of low sampling potential became obvious When the instrument was
flown for the first time (Arnold and Krankowsky, 1974) and a great. number of
weakly bound atmospheric Cluster ion speeies was observed. The fact that from
these measurements reaction cross sections for the formation of such species in
the atmosphere could be quantitatively derived (Arnold and Krankowsky, 1977),
which were confirmed by laboratory measurements afterwards, can be regarded
as a strong argument in favour of the reliability of modern ion composition
measurements in the lower ionosphere.

Mass Spectrometer: Neutral Gas Mode

For the mass analysis of neutral atmospheric gases an ion source mounted inside
the sampling cone is used. Electrons are produced 1111111 a heated tungsten-
rhenium filament Fi and injected into the region inside the cylindrieal grid
electrode. Here they are accelerated towards the inner walls of the front part of
the sampling cone. The potential field between the upper planar grid electrode
and the sampling cone is adjusted such that the electrons reach an energy of
about 16eV at a potential surface located 2 cm downstream the orifice and gain
another 2eV until they hit the sampling cone. As the ion production rate is
proportional to the gas density and to the cross seetion for electron impact
ionization, which strongly increases with energy around 16eV for most gases of
interest here, the downstream boundary of the ionization region is sharply
defined. This is true because both the gas density and the electron energy
decrease steeply with increasing distance downstream from the sampling cone
orifiee. As the probability for focussing ions into the mass filter strongly
decreases with increasing radial distance from the sampling cone, the effective
ionization region is a small volume rather closely confined to this axis. Thus it is
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possible to keep the fractional abundance of particles which have undergone
wall collisions smaller than 30 (70 of the total number of particles populating the
effective ionization volume. This arrangement largely avoids the depletion by
wall-reactions of reactive gases, such as for example oxygen atoms, relative to
unreactive gases. Another problem associated with mass spectrometric measure-
ments of atomic oxygen below 100 km Where O/O2 is small eomes from the
production of 0+ ions by dissociative ionization of 02. As the cross section for
the latter process decreases much faster with decreasing electron energy than
does the ionization cross section for the other gases of interest, the problem can
be tackled by using low electron energies. However, electron energies much
lower than about 18 eV are hardly acceptable because of loss of sensitivity. Thus,
atomic oxygen measurements are only possible at altitudes above about 80 km.
Another limitation comes from the pressure inside the effeetive ionization
volume which should be sufficiently low in order to avoid ion-neutral collisions.
This height limit is about 60 km. Characteristic instrument parameters are given
in the Table 1. A full duty cycle of the mass spectrometer includes three mass
spectra, one for positive ions, one for negative ions, and one for neutrals.
Between subsequent spectra the voltages are switched. No electrons are emitted
from the filament in the ion modes.

Positive Ion Probe

The ion probe IP (Fig. 4) which measures the relative total positive ion density
consists of a cylindrical grid and of an axial cylindrioal collector with a diameter
of 3 mm which is small compared to the 32 mm diameter of the cylindrical grid.
While the grid is on rocket potential, a voltage of — 10V is applied to the ion
collector via a fast floating electrometer. The probe is mounted on a small boom
which is housed under the ejectable vacuum cap E C of the mass spectrometer.
The probe is deployed upon cap ejection. Thus contamination of the probe prior
to deployment is excluded. As the axis of the cylindrical grid is parallel to the
rocket axis, the gas flow is assumed to be only weakly disturbed by the edges of
the probe. Therefore the collector current IC should be related to the total

Fig. 4. Flight configuration of mass speetrometer sampling cone, ion probe (right), and ion gauge
(left). I and 5 shielding grids. 2 ion collector grid. 3 filament, 4 electron collector, 6 ion collector, 7
booms, 8 sampling cone
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positive ion density n + by:

1C = D e0FG (1)

where FGzflux of positive ions through top circular area of the cylindrical grid
eo = unit Charge
D=coefficient describing the fraction of collected ions with respect to

ineoming ions.
Under molecular flow conditions D=1 and

_ Aeff I717(5)"+F — 2G 4 < )
where Aeff =effective top circular sampling area of the cylindrical grid.

_
(SKTY

V z
71m

F(S) = exp( — SZ) + Sn‘} (1 + erf(S))
VR = roeket veloeity
S = R cosoc/(ZKT/mfi
erf :_— error function
oc = angle of attack
K = Boltzmann’s eonstant
m = ion mass.

In an intermittant mode of Operation the potential of the ion colleetor is varied
from +15 to — 15V in 2.5V steps. Thereby a probe characteristic is obtained
which allows to judge whether D is one. The measurements indieate that D
becomes smaller than one at altitudes below about 60km. Here the time
required for an ion to drift from the grid to the axial colleetor becomes larger
than the residence time of the ion inside the cylindrical grid which is Tres=L/VR
where L is the length of the cylindrical grid and VR is the rocket velocity. At
these altitudes the IP is not considered to provide meaningful data.

Ionization Gauge

The ionization gauge IG (Fig. 4) measures the absolute total gas density. lt
eonsists of a tungsten-rhenium filament from which eleetrons are emitted and
accelerated to a eircular wire electrode at +70 V. Positive ions produced by
electron bombardment ionization are collected by a cylindrical grid electrode to
which a potential of — 10V is applied via a fast floating electrometer. Another
cylindrical grid electrode which is at rocket potential is used in order to shield
the sampling area of the mass spectrometer from the ion gauge potentials. The
geometry of the ionization gauge is designed in such a way that the ambient gas
flow reaching the ionizing volume is likely almost undisturbed.
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The dimensions of the ion gauge are small so that collisions of ions produced
and neutral particles become important only at pressures above about 10‘ 2 torr.
However. laboratory measurements (Hettmannsperger, 1976; Arnold et al., 1975)
indicated that the collected ion current remains almost proportional to the gas
density even up to pressures of 0.1 torr. This corresponds to an altitude of about
63 km. The upper height limit for obtaining useful measurements is de-
termined by the density of ambient positive ions which also contribute to total
positive ion current measured by the ion gauge. This contribution can be
determined when the filament of the ion gauge is switched off. This occurs
during the ion modes of the mass spectrometer. Under quiet daytime conditions
ionospheric ions contribute 50% to the total collector current at an altitude of
about 100 km. The absolute sensitivity of the ion gauge is calibrated in labo-
ratory. The gauge is mounted on a small boom whioh before cap ejection is
housed under the vacuum tight cap of the mass spectrometer. The boom is
deployed upon cap ejection. Thus contamination of the ion gauge is avoided.
Absolute number densities of the atmospheric gas are obtained by use of the
laboratory calibration. The contribution of ionospheric positive ions to the
collector current determined as described above is corrected for up to altitudes
where it becomes 50%. Above this height the method is not considered to be
applicable anymore. As the sampling of ions produced in the ionisation region
becomes severely affected by collisions below about 60 km, the method cannot
provide relative data below this altitude.

Mass Spectrometer Data Analysis

Ion Measurements

Relative partial ion densities are obtained from the measured partial count
rates. The count rate C(X) of an ion species X is related to the flux through the
inlet orifioe 1*}‚(X) by

C(X): T(X)Fo(X) (3)
where T(X) is the transmission factor of the ion optics and the mass analyzer.
T(X) is calibrated in the laboratory for various ion species including He+‚ CHI,
H20+, Ne+‚ 5L, 5*, A+, C0; Kr+, and Xe+. Under flight conditions F0(X) is
related to the number density [X] by

F600 =lAeff VHS) [X]
where Aeffzeffective orifice area.

The other quantities are the same as in Equation (2). The relation applies on-
ly for molecular flow conditions (> 90 km) and assumes that ions are sampled like
neutral particles except for an enrichment upstream the orifice due to the
application of a draW-in potential at the sampling cone. This leads to an
effective orifice area. If we assume Aeff to be mass independent, it does not enter
into the evaluation of relative partial densities. It may also be noted that for a
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small oc and VR>>I7 which occurs below 90km on ascent, the expression
simplifies to

Ren VR [Xl (5)

In a first approximation no mass dependance of E) is expected at these altitudes.
Provided all ions can be extracted from the expanding gas beam and focussed
into the mass filter, mass discrimination due to flow effects downstream the
sampling orifice should not be important. Absolute partial ion densities are
obtained by normalizing the sum of the relative partial densities to the total ion
density at one altitude. Usually the total ion density is obtained by independent
methods sueh as electrostatic probes, Faraday rotation and ionosonds. The
latter two methods give the electron density which above about 70 km should
equal to the total positive ion density. At altitudes below about 60 km FO(X) and
T(X) become pressure- and thereby altitude-dependant and the normalization
has to be done for each data point.

Neutral Gas Measurements

The channeltron count rate C(X) of a species X is related to „the rate of
production of ions X + in the effective ionization region P(X +) by:

C(X)=P(X+) TN(X) (6)
where T„(X +) is a transmission factor for ion optics and the mass filter. P(X +) is
determined by the ionization cross section 0(X)‚ the flux of ionizing electrons FE
and the density of X which all depend on the location inside the effective
ionization volume. In the laboratory C(X) is determined as a function of [X] for
stationary conditions (VR=O) and for various gases including CH4‚ H20, N2,
02, A, CO2 and Kr. The mass discrimination due to flow effects occuring under
flight conditions (VR4=O) is computed as a function of VR and atmospheric gas
temperature.

For atomic oxygen which was not calibrated in the laboratory P(O+) was
determined from measures P(X +) values by

0(O+)
0(X+)P(0+)= P(X+)- (7)

The transmission factor TN(X) which is essentially a function of mass was
determined for O from the measured relation T„(MX). Absolute partial densities
are determined by normalization of the sum of relative partial densities to the
absolute total gas density measured by the ionization gauge. Regarding a
possible depletion of reactive gases as for example atomic oxygen the com-
putations indicate that less than 30% of the incoming oxygen atoms undergo
wall collisions upstream the effective ionization volume. This method of analyz-
ing neutral gas data as well as the experimental approach outlined above has
been Checked against a different experimental technique for atomic oxygen
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which certainly is the constituent most difficult to measure by mass spectrometer.
Atomic oxygen number densities obtained from a mass spectrometer identical to
the instrument described here and a resonance fluorescence and absorption
experiment (Diekinson, private communication) flown about 30 min after the
mass spectrometer showed an excellent agreement of the relative number
densities within an altitude region between 83 and 113km altitude. The average
ratio of the resonance fluorescence to the mass spectrometer number densities
compared for 26 data points in the height range indicated above was 2.1 with a
standard deviation of 0.5.

Results and Discussions

Two instruments B4—1 and B4-2 were flown within the campaign (cf. Offermann,
1977) on January 4 and January 21, 1976 at 1431 UT and 1433 UT, respectively.
Both days were characterized by high radio wave absorption in the D-region.

The instruments performed as expected and data were obtained on the upleg
part of the trajectory from 60 km to apogee at 130km. On the downleg portion
useful measurements were made down to 60 km and 35km for B4-1 and B4-2,
respectively.

The N2 and O2 number densities measured on both days are shown in
Figure5 along with the total gas density measured by the ionization gauge on
January 21. When compared with N2 and O2 profiles of the CIRA 1972
reference atmosphere deviations up to about i50% are observed. Total positive
ion densities as measured by the ion probes with relative probe densities
normalized to ionosonde values (Rose and Widdel, private communication) at
109 km are shown in Figure 6. When compared with each other both profiles are
very similar. They are characterized by pronounced relative maxima around
88 km and around 79 km. When compared with average Winter eonditions at
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37°N the plasma densities are enhanced between about 75 km and 90 km by
factors up t0 4.

The enhancement is strongest at the heights of the conspicuous structures
mentioned above. The fractional abundance of positively charged molecular
ions, atomic metal ions and Cluster ions as measured by the positive ion mode of
the mass spectrometer is shown in Figure 7. Again the data sets of both days
reveal a high degree of similarity when compared with each other. Molecular
ions dominate above 76 km (B4-1) and 77 km (B4-2) and Cluster ions below.
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Atomic metal ions reach high fractional abundance up to 40% in the altitude
range 85—90 km. This altitude range coincides with the upper structure shown by
the total positive ion density profiles (Fig. 6). Two extraordinary features are
obvious When compared to a normal midlatitude Situation (Narcisi, 1976).

First, a lowering of the height by about 3 to 4km is observed at which
molecular ions and Cluster ions become equally abundant. Second, atomic metal
ions appear in high relative abundance below 90 km. When compared with the
two previous positive ion composition measurements carried out under winter
anomaly conditions (Zbinden et a1., 1975; Arnold and Krankowsky, 1977) the
present results are rather similar to those reported by Zbinden et al., 1975. But
they are much different from those obtained at high middle latitudes (Arnold and
Krankowsky, 1977). The preliminary results presented here indicate at least
three causes of the winter anomalous plasma density enhancements: (1) an
increase in the production of molecular ions; (2) a decrease of the bulk
recombination coefficient for positive ions and eleotrons due to low fractional
abundances of rapidly recombining Cluster ions above 76 km and 77 km, re-
spectively; (3) a decrease of the bulk recombination coefficient for positive ions
and electrons due to high fractional abundances of very slowly recombining
atomic metal ions around 85—90 km.

Summary

A mass spectrometer probe experiment for use on small rockets has been
developed for studying the plasma and neutral gas in the middle atmosphere.
The mass spectrometric measurements are supplemented by an electrostatic ion
probe and an ion gauge which both are integral parts of the mass spectrometer.
Thus mass spectrometric composition data can be converted to absolute number
densities of ions and neutral gas species. In addition, from the data of the ion
gauge neutral atmospheric temperatures are derived.

When compared to previous instruments utilized below 100km the, mass
spectrometer sampling technique has been vastly improved. Shock effects and
disturbances of the flow field are largely avoided. The absence of shock effects
and the use of low draw-in potentials enables the measurement of fragile Cluster
ions with low bond energies. Reactive neutral gases as e.g. atomio oxygen can be
measured without severe depletion due to an appropriate design of the ion
source. Therefore, the measured ion and neutral gas composition closely re-
sembles the atmospheric composition.

The mass spectrometer probe delivers ion and neutral gas number density
profiles independent from additional observations. To some extent ion and
neutral gas data complement each other and allow a check of the internal
consistency. Neutral gas temperature derived from the ion gauge data can be
compared to the temperature obtained from the ion composition considering the
temperature dependent ion-neutral reaction rate coefficients. Number densities
of certain neutral gases like NO, H20, H202, and O can indirectly be de—
termined from the ion composition and complement the direct neutral
measurements.
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The Cryo Mass Spectrometer
in the Winter Anomaly Campaign
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Federal Republic of Germany

Abstract. On January 4 and 21, 1976, at 1630 CET two rockets were launched
as part of the winter anomaly campaign, both carrying amongst 0ther experi-
ments a cryo mass spectrometer. The mass spectrometers performed measure-
ments of the neutral gas composition in the altitude range from about 80
t0 117 km.

Scientific goals, design, and Operation of the instruments are described
in detail. Preliminary results of the data reduction are presented for the
flight of January 4. Number density profiles of N2, 02, and Ar show a
pronounced wave-like structure.

Key words: Winter anomaly — Mass spectrometer — Mattauch-Herzog
geometry — Helium-cooled ion-source — Neutral composition — Trace
constituents.

Introduction

On January 4 and 21, 1976, at 1630 CET and 1631 CET, respectively, two
rocket-borne mass spectrometers with helium-cooled ion sources were flown
above E1 Arenosillo (Spain) as part of the winter anomaly campaign. The
mass spectrometers employed “closed” ion-sources, the walls of which were
cooled t0 about 8 K by means of supercritical helium. As all atmospheric
species (except He and H2) condense on the walls at these temperatures, the
formation of background gases within the ion—source is largely suppressed.
Moreover, the bow-shock ahead of the instrument is removed down t0 altitudes
below 80 km, the instrument forming the front part of the payload.

The scientific goal of the campaign was the investigation of the meteorolog-
ical type of the mid-latitutde winter anomaly. Several suggestions have been
made so far t0 explain the processes leading t0 an enhancement of the electron
density in the D-layer, e. g. atmospheric circulations and/or wave motions causing
* To whom offprint requests should be sent
** Now at: University of Wuppertal, D-56OO Wuppertal, Federal Republic of Germany
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Changes in the temperature field and in the concentration of minor constituents,
which may influence the ion- and neutral-chemistry.

The contribution of the mass spectrometers to this goal was the measurement
of the composition of the neutral atmosphere down to about 80 km under
shock free conditions and with a good height resolution. Special emphasis was
on the determination of atomic oxygen and on specific atmospheric trace consti—
tuents which are of importance for the neutral- and ion-chemistry of the D-re-
gion. The measurement of inert gases (N2, Ar) is of interest for the investigation
of turbulent and diffusive processes.

A number of atmospheric parameters was measured by redundant experi-
ments during the campaign. Therefore comparison and combination of the
data obtained by these different instruments yields a valuable check on the
reliability of the measured data. The mass spectrometer measurements described
here may thus be especially compared to the data obtained by two other mass
spectrometers which were flown on two other rockets with a time shift of
about l h, and with pitot tube measurements on the same rockets. The Pitot
probes were mounted in the payload directly adjacent to the cryo mass spectro-
meters. The total density derived from the Pitot data allows a check on the
sensitivity of the mass spectrometers. On the other hand the height profiles
of the N2 number density measured by the mass spectrometers will complement
the total density profiles of the Pitot probes.

Instrument Configuration

A sketch of the instrument is given in Figure l. Its essential parts are the
helium-cooled ion-source, the mass analyzer, and the helium supply system
including the storage dewar, valves, and pipes. The instrument was mounted
axially in the uppermost part of the payload looking into the flight direction.

During the flight the angle between payload axis and the velocity vector
(angle of attack) should be as small as possible to allow the ambient particles
to form a properly shaped molecular beam in the ion-source. For this purpose
the payload included an attitude control system which kept the angle of attack
below N10° (at all altitudes above 80 km). If the ion-source protection cap
is ejected at too low altitudes (i.e. around 80 km) the sensitivity of the instrument
could be changed because of large amounts of gas condensing on the ion-source
walls. Therefore this cap was ejected not earleir than 110 km on the upleg
of the flight. Low altitude data were obtained on the downleg thanks to the
attitude control of the payload.

Ion Source and Cooling System

The design of the ion source (Fig. 2) was similar to that described by Trinks
and Hellenbroich (1973). The ambient atmospheric particles entered the ion
source through two Circular holes in both the front-plate and the so-called
ion—box. Inside the ion—box the particles crossed an electron sheet, emitted
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from a hot tungsten-rhenium filament, ionizing part of them. The energy of
the ionizing electrons was about 90 eV. The ions were focussed by the ion-lens
and a pair of focussing plates onto the “object-slit” of the spectrometer.

The inner parts of the ion source were made of copper with high thermal
conductance. Ion-box, ion-lens, and focussing plates were thermally coupled
t0 the heat—exchanger l t0 keep them at temperatures as low as possible during
the measurement. This will assure a high sticking probability for gas particles
hitting the wall. The wall-temperature normally did not exceed 8 K.

The electron-beam generation system and radiation shield were coupled t0
the heat-exchanger 3. Their temperature was about 12 K.

In order t0 avoid the formation of a shock front ahead of the ion-source
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Fig. 2. Cross section of the mass
spectrometer. Legend: 1 heat
exchanger 2 (front plate); 2 heat
exchanger 3; 3 heat exchanger
l ; 4 radiation shield; 5
ion-source cover; 6 entrance
aperture; 7 electron beam; 8
ion-box; 9 ion-lens; 10 focussing
plates; H object slit; 1‘2 electric
field; 15' total ion—current
collector; 14 spiraltron; I5
magnet; 16 ion channel; 17 exit
slit; 18 ion current collector grid

the temperature of the conical, indented front-plate (heat exchanger 2) should
not exceed 20 K (Offermann and Tatarczyk, 1973). A typical value during normal
flight operations was about 15 K. T0 guarantee a high thermal conductance in
the front plate it was made from very pure silver.

The heating of the ion source, looking into the flight direction, mainly
depends on the solar radiation, the kinetic energy of the impinging particles
due t0 the payload velocity, and on the gas condensation heat. Above about
110 km the heat load mainly consists of the solar input of 0.14 W/cmz. As
the ambient density and payload velocity increase, the heat caused by the imping-
ing particles becomes dominant at lower heights.

Because of the very different heat loads on the front—plate and on the inner
ion source two different helium cooling circuits were used for heat exchangers
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1+3 and 2, respectively. The cryogen was taken from a 15 liter storage dewar
which was filled with liquid helium some time before launch. A few minutes
before lift-off the helium was made supercritical (6 K at 5 bars). The flow-rate
of the cryogen and thus the ion source temperatures were controlled by several
valves and throttles in the exhaust gas pipes. Because of the rapid variation
of the heat-loads during the flight, electric feedback circuits were used t0 control
the ion source temperatures and the dewar pressure. These control eircuits
were blocked during the first part of the flight t0 avoid accidental cryogen
losses.

Mass Spectrometer

Ions which passed the object-slit entered the double focussing Mattauch-Herzog
spectrometer which employed a 0.34 T magnetic field (Fig. 2). After mass separa-
tion the ions were detected in 4 channels simultaneously by means of 4 spiraltron
multipliers operated in the pulse-counting mode. The use of 4 channels allowed
a high sampling frequency for the detection of the mass numbers of interest.
The dynamical range of the spiraltrons was limited t0 about 106 counts/s which
did not allow t0 measure simultaneously the main atmospheric constituents
and the trace gases. The solution t0 the problem was t0 determine the main
constituents by measuring doubly ionized or isotopic species instead of singly
ionized parent molecules.

To further increase the dynamical range, two of the channels were equipped
with “ion collector grids”. The ion currents intercepted by these grids were
fed into logarithmic electrometers.

The mass spectrometer could be operated in two different modes: In the
stepping mode the acceleration voltage Ua applied t0 the ion-box was controlled
by a programmer selecting 16 fixed voltage steps of a duration of 100 ms‘each.
Thus in 1.6 s—the duration of one measurement eycle—up t0 16 different mass
lines could be detected per Channel. The height resolution for the important
constituents, measured twice per eycle‚ was less than 1 km in the 80 km region
and about 100 m near apogee.

In the scanning mode Ua was varied continuously from high t0 low values.
The main purpose of this mode was t0 check whether in the stepping mode
Ua was always adjusted t0 the maximum intensity of the different mass lines.
The mass range covered in the scanning mode is given in the following Table 1
for Channel 1—4:

Table 1.

Channel Mass range (amu)

1 1... 2
2 7...]6
3 14...32
4 28...64

During flight every 4 stepping spectra were followed by 1 scanned spectrum.
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Table 2. Flight events

VH. Friedrich et al.

4 Jan 76 21. Jan 76

Ejection 0F the protection cap

äpogee

Deblocking of temperature and helium flow
regulation systems

End 01‘ reliable Operation of the ion-source

110.3 km (upleg)

117.6 km

106.5 km (downleg)

114.1 km (upleg)

116.5 km

105.4 km (downleg)

85 km (downleg) 80 km (downleg)
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The Rocket Flights

The essential flight events are summarized in Table 2. T0 avoid the condensation
of large amounts of gas on the ion-source walls, in both flights the protection
cap was ejected at heights above 110 km (see above). Therefore low altitude
data were taken during the downleg parts of the trajectories. Reliable Operation
of the instruments on the downleg ceased at altitudes of 85 and 80 km, respec—
tively.

Data Reduction

Typical altitude profiles of the measured ion counting rates are shown in Fig-
ure 3. These uncorrected raw data indicate the altitude resolution übtained.
The picture also Shows how a large dynamical range is obtained by use 01"
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multiply ionized and/or isotopic molecules. Presented are all measured counting
rates versus altitude stemming from nitrogen (averaged over one program step).
Molecular nitrogen can be determined by mass number 28 (14N14N+) down
t0 110 km only. Below 110 km the detection is achieved by the mass numbers
29 and 14.5 (14N15N singly and doubly ionized). The dissociation products
of masses 28 and 29 at 14 amu and 15 amu (14N+ and 15N+), respectively,
and at 7 amu (14N+ +) may also be used.

The altitude profiles in part show large intensity variations. These are mostly
due t0 rocket spin modulation. Below about 103 counts/s the statistical scatter
becomes considerable.

The ambient atmospheric density Na is calculated from the ion-counting
rate C by the equation:

Na (1‘4)=E(1\4)_1'Tr_1 'C(M)
where
M =atmospheric species.
E(Mj =spectrometer sensitivity for the constituent M as determined during

the calibration procedure (Offermann et al., 1972).
Tf :functi0n which takes account of the flight dynamics, i.e. attitude

and velocity of the payload.

T0 obtain Tf an extensive numerical integration method has t0 be applied
(Grossmann und Offermann, 1972; Friedrich, 1975).
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Preliminary altitude profiles were obtained in this way for N2, 02, Ar,
C02, and O for the flight of January 4, 1976. Furthermore, signals were observed
on mass numbers l8 and 30 corresponding to H20 and NO, respectively. It
is doubtful, however, whether these are due to atmospheric species because
both mass lines appear to be contaminated by degassing from the payload.
In addition, the isotopes 180 and 30N2 were measured on mass numbers 18
and 30, respectively. Therefore further studies will be necessary to clarify
whether ambient H20 and NO-number densities can be obtained.

Figure 4 shows preliminary number densities of N2, 02, and Ar versus altitude
for the flight of January 4. The NZ-profile was normalized at one point (95 km)
to the total density obtained by the pitot tubes mentioned above.

The most striking feature of all curves shown in Figure 4 is a pronounced
wave-like structure with a vertical wave-length of about lO km. Deviations of
up to a factor of 2 from the CIRA 72 model are found. Wavelike structures
were also found by a number of other experiments during the campaign in
atmospheric wind, temperature,and density data. Further studies are needed
to determine the nature of these waves.
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Technologie through BPT/DFVLR.
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Pitot Pressure Measurements for Atmospheric Density
Determination between 50 and 120 km
(Western Europe Winter Anomaly Campaign,
January 1976)

J. Bäte, M. Becker, U. Niederlöhner, and D.G. Papanikas
DFVLR, Institut für Angewandte Gasdynamik, D-SOOO Köln 90, Federal Republic of Germany

Abstract. Within the Westeuropean Winter Anomaly Campaign (December
75/January 1976) this experiment was set up t0 furnish from pitot pressure
measurements total neutral densities and temperatures. The data were taken by
two pressure measuring instruments, a strain gage transducer for pressures
higher than 10 N/m2 and an ionization vacuummeter for pressures lower than
10 N/mz.

For data analysis a computer program was written which contains the
following elements

— systematic pressure correction for viscous and thermomolecular effects
in the probe

_ determination of densities from pitot pressures for continuum flow and
free molecular flow eonditions

——— transport properties (viscosities, mean free paths)
— determination of temperatures by integration of density gradients.

The results show that there is an agreement in order of magnitude between data
and CIRA-model atmosphere. However, a detailed inspection of the tempera-
ture profile shows substantial deviations from CIRA. The data suggest a wave
eharacter which should be considered in the context of winter anomalous
behavior of the atmosphere.

Key words: Winter anomaly — Pitot pressures — Densities — Temperatures —
Pressure transducer — Ionization vacuummeter.

Objectives of Investigation

The Western Europe winter anomaly campaign 1975/1976 was an effort t0 gather
in a well coordinated way many forms of information concerning this effect. Our
activities were related t0 the investigation of the total neutral atmosphere,
speeifically the mesophere and lower thermosphere. Our experiment (DP 1) was
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Fig. l. Arrangement of experiments of payload B II on the front platform

applied t0 the measurement ofpitot pressures, as outlined by Papanikas and Baete,
for which our group had a broad spectrum of experiences from wind tunnel
investigations under rarefied flow conditions.

In the design phase a few wind tunnel tests were performed t0 simulate the most
critical conditions of heat transfer, shock interaction and angle of attack behavior
in altitudes near 80 km für Ihe forward facing experiments of payload BII on a
Skylark-rocket. The investigation of a dummy probe gave important hints
eoncerning geometries and Optimization of flight requirements (see Papanikas and
Becker). The front view of the actual version is shown in Figure 1.

The measurements in flight were taken between 50 and 120 km by two difTerent
types of instruments, a strain gage transducer (Probe S I) and an ionization gage
(Probe S II). The informations determined from the data gathered by these
instruments were geared t0 serve as standards for other classes of experiments of
which the objectives were t0 find out the compositions and concentrations of
atmosphere.

T0 deduce from pitot pressures the densities the procedure is a Continuum flow
and free molecular flow approach in lower and higher altitudes respectively and a
linearizatien in the transition regime. Taking into account the probe geometries the



|00000161||

Atmospheric Densities between 50 and 120 km 149

transition (outer probe diameter/mean free path=0(l)) occurs between 78 and
90 km. The flight velocities of the Skylark-rocket were known from radar tracking.

The relation between pitot pressure and density, then, is given for continuum
flow condition by

P=f1(M;l’) P2‚0/U2- (1)

The Mach number M is dependent on temperature and ratio of specific heats y,
which is weakly influenced (in these altitudes) by gas composition. So the factor
f1 (M; y) changes for the Mach number range in question here (3.98 — 4.15) between
1.062 and 1.065. Then the inaccuracy of density determination is less than 0.1 %.

For free molecular flow the relation between pitot pressure and static pressure is
from kinetic theory in the form of Becker:

P20 V 1
Tw)

-1M2_’_= _M _ 2
p ( 27: +2 T

3’ 2 1 VW 1W
](

3’
)

- —M +—+ + —Ü/z
2 8

M l erf
2M ‚ (2)

which gives basically

P=f2(M;l’)P2‚o/U2- (3)

This factor f2 changes from 0.65 to 0.75 for Mach number from 2.4 to 3.98 and
results in an inaccuracy of density determination of ca. 1 %.

The inaccuracies quoted here deal with the procedure of calculating y from the
CIRA-gas composition which is a topic of investigation for other experiments in
the campaign. From those results under anomalous conditions an improvement of
our results will stem in the near future.

Experimental Set Up

Since the pitot pressures to be measured covered the range from 3.5-103 to
1-10‘3‘N/m2 two probes with different methods were used. For the higher
pressures from 3.5 . 103 to 3 . 10° N/m2 corresponding to altitudes from 50 to 90 km
pitot probe SI was operated. The measuring system is a strain gage absolute
pressure transducer. For the lower pressures from 3- 10 to l-lO’3 N/m2 pitot
probe SII was applied. The measuring system is an ionization vacuummeter
with an ion source which was developed on the basis of a University Bonn
design (U.v. Zahn).

Both probes were mounted together with instruments for experiments DB 2
(mass spectrometer, University Bonn) and DF 4 (Retarding Potential Analyzer,
MPI Freiburg) on the front platform of payload B II with inlets of probes facing
exactly forward. Figure2 shows the schematic set up with pitot tubes on top,
measuring system, and electronic equipment in the bottom portion.

The measuring system of probe SI is composed of an absolute pressure
transducer, an installation for nulling the transducer, power supply and electronics
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Fig. 2. Schematic view of pitot probes including gages and electronic equipment

für data acquisition. The cranked pitot tube leads to a rigid aluminium tank in
which all 0ther components are assembled.

The transducer (type Bell and Howell 4-353) consists of a full bridge with
unbounded strain gages. This instrument is extremely rugged with respect t0
accelerations and shocks because it is designed for airborne application. Pressure
measurements can be performed in a temperature range from — 35° C t0 + 135° C.

The electronic unit of probe SI has as shown in Figure 3
— power supply and null balance for the strain gage transducer
— bridge Signal amplifier (error g 10.3% F.S.) with automatic calibration

program
—— thermo voltage amplifier including power supply
— resistance network for thermistors.

All units have insert cards with printed circuits and are separately mounted in the
lower section of the tank. This arrangöment provides a perfect shielding of cards
under each other and guards against accelerations during statt and vibrations in
flight.



Atmospherie Densities between 50 and 120 km 151

PRESSURE THERMO- NTC -
TRANSDUCER COUPLES HESISTÜRS

l TELEMETRY TELEHETRY TELEMETR‘I’. DA TA l DATA MON ITDH
l

OUTPUT
J

OUTPUT OUTPUT

PITOT _T TEMPERATURE TEMPERATURE I
PRESSURE MEASUREMENT MONITORMEASLREMENT

p 215v= _ Insv: :15v=

VOLTAGE VOLTAGE
CONVERTER CONVER TER

Fig. 3. Electronics block J
dlagram of pressure PAY LOAD
transdueer probe SI SUPPLY 28V:

ION sounce GETTER PUMP

4J

I

TELEMETRY TELEMETRY TELEMETFN TELEMETR‘I’
MONITOR O TA WMON TOR MONITOROUTPUT OUTPUT OUTPUT OUTPUT

Emssuon
STABILIZATION

1
11 3m

1 VOLTAGE VOLTAGE _
i CONVEPTEP CONVERTER
1 ‚

Fig. 4. Electronics block
dlagram Of lonlzatlon PAY LOAD GUTER PUMP
vaeuummeter probe S II _ SUPPLV 23v = SUPPLY zu:

The measuring system Of pitot probe S II has an ion source, power supply, and
electronics for data acquisition (Fig. 4).

In the probe the incoming molecules are ionized by an ion source. In the
calibration procedure the ion current was measured as a function Of pressure for
fixed cavity temperatures. The temperatures measured in flight were in the range
used during calibration.

For Operation of the ionization vacuummeter the following electronic units are
used:

emission stabilization Of the ion source cathode
linear electrometer amplifier (error <=1 i0.3% F.S. i 1. - 10‘ 14 A)
power supply for ion source and amplifier
high voltage supply for ion getter pump.

Otherwise the mechanical layout Of the electronie tank is similar tO that Of
probe S I.

The ionization process is initiated by electrons emitted from a eathode. The
electrons beeome aecelerated and focused by magnets to ionize the gas moleeules
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within the ion box. The generated ions travel through an ion lens and a trap für
secondary electrons upon the ion trap (see Fig. 5). Here the ion current is measured
by a linear electrometer amplifier. This unit is equipped with an automatic ranging
between 10‘ 12 A and 10"4 A F.S. An automatic nulling correction avoids
temperature drifting. An inflight calibration program provides the monitoring of
the probe functions.

The ion source is in the first part of upleg protected by a vacuum cover which is
released at ca. 80 km altitude. The evacuation is ensured by an ion getter pump
which operates until rocket lift off.

All measured data were transmitted by telemetry with a scanning rate of
100 5—1, the house keeping informations were sampled with a rate of 65'1.

Computations

On the basis of the procedure described in the introductory chapter a computer
program was set up following the schematic flow field calculations performed for a
hypersonic free jet by Papanikas. This program contains the following elements:

—— systematic pressure correction due t0 viscous and thermomolecular
effects in the probe under supersonic, rarefied flow conditions

— determination of densities from pitot pressures for continuum and
free molecular flow conditions including calculating pitot pressure
values für CIRA atmosphere and given flight velocities

— transport properties (momentarily used: viscosities and mean free paths
derived frorn these)

— determination of temperatures by integration of density gradients (wer
altitude increments of 1 km by

jpgdH. (4)
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Results

Coordinated flights of all experiments in the campaign were performed on Jan. 4th
and ZISt 1976 in Arenosillo, Spain. In the Figures 6—8 some results of the first
flight are shown representatively. Figure 6 gives the pitot pressures as raw data
representation for up- and downleg. The good correlation between both sets ofdata
justifies the measured flight path. The whole analysis, however, is applied t0 the
downleg since here were clean measuring conditions, i.e. n0 cover releases, n0
interactions with other experiment activities.

The influence of pressure correction in Figure6 is only apparent at higher
altitudes.

Figures 7 and 8 show the computed densities and temperatures in comparison
t0 CIRA-model atmosphere data. The temperature profile shows a marked wave
structure which possibly stems from chemical events (anomalous behavior) and
which is transported into the inner parts of the atmosphere. Damping of amplitude
and wavelength is not clearly observable.

In conclusion it can be pointed out that the measurement and determination of
total neutral gas data seems t0 be necessary under anomalous conditions as
described. The information thus obtained is not just a steady state atmospheric
model but also shows energy transport effects.
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Intensity Measurement of the (1,0) y-Band of N0
at 2150 Ä with a Polarizing Nitric Oxide Photometer

Dieter Beran and Egon Suckfull

Deutsche Forschungs- und Versuchsanstalt für Luft- und Raumfahrt, Institut für Optoelektronik,
D-803l Oberpfaffenhofen, Federal Republic of Germany

Abstract. As a possible reason of the winter anomaly an enhancement of
nitric oxide can be considered. Therefore, a polarizing nitric oxide photometer
was inserted into the Western Europe Winter Anomaly Campaign 1975/76.
The experiment was a filter photometer with a sapphire plate at Brewster’s
angle as a polarizer. This polarizer was necessary because of the Rayleigh
scattering background. The calibration procedure and the data evaluation
is described shortly. Finally‚ the hight profiles of the (1,0) y-band intensity
of NO is given for two winter anomalous days.

Key words: D—region — Winteranomaly — Nitric oxid — Polarizing photo-
meter.

l. Introduction

Several processes are discussed as possible reasons for the winter anomaly. These
processes must essentially either increase the electron production rate or decrease
the electron loss rate. One of these possible processes may be a downward trans-
port of N0 from higher atmospheric layers by, for instance, eddy diffusion due
t0 a local increase of temperature. This warming also effects the NO chemistry
t0 increase the concentration of nitric oxide. Therefore, besides recording winds,
temperature and ions, the accurate measurement of the minor neutral constituents
like NO is of major importance.

Nitric oxide has been a subjeet of aeronomy sinee Nicolet 1955 proposed,
that the D-region of the ionosphere is the result of photoionization of NO by
solar Lyman-oc radiation. However, the distriburion of the neutral nitric oxide,
as a function of height, is not well-known and up t0 date it has not been possible
t0 establish a general model for the electron production in the D-region of the
ionosphere.

Up t0 now information on the distribution of nitric oxide in the mesosphere
and lower thermosphere has been obtained in three different ways: from photo-
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Chemical considerations from Changes in the D-region electron density profiles
with variation of solar radiation, and from rocket measurements of the NO
dayglow in the ultraviolet y-bands. The nitric oxide y-bands are electron transitions
between the level A2 Z + excited by sunlight and the ground levelX2 17. The stron-
gest band of these y-transitions is the (1,0)—band at 2150 Ä.

The polarizing nitric oxide photometer, t0 be described here, is one of a
group of rocket borne experiments, developed for the Western Europe Winter
Anomaly Campaign 1975/76. This experiment has strong interrelation t0 other
experiments like the cryogenic mass spectrometer, the 02(1A)photometer, and
the solar Lyman-oc photometer.

2. Instrumentation

The NO-photometer is a classical filter photometer which records the resonance
re-emission of the ultraviolett (1,0) y-band of NO around 2150 Ä (Beran, 1974 a).
Especially at lower heights a high quanty of atmospherie Rayleigh background
reaches the photometer. Because of the linear polarization of this Rayleigh
radiation it is possible t0 eliminate it by computation. The degree of polarization
of the Rayleigh radiation is a function of the angle between the direction of in-
coming solar radiation and the direction of observation and is a maximum of
about 93 % at an angle of 900.

Figurel shows a schematic drawing of the nitric oxide photometer. The
optical part ofthe experiment consists ofa stray light baffle, a polarizer, an inter-
ference filter and imaging optics. The stray light baffle protects the detector from
direct solar light. The polarizer is a sapphire plate used in reflection at Brewster’s
angle where the degree of polarization is theoretically 99.2 0/0 if the angle of View
is i4o. Since the refractive index of sapphire at a wavelength of 2150 Ä is 1.88
the Brewster angle becomes 62°. The reflection is about 16% at the front plane
and 7% at the back surface of the sapphire plate. The interference filter has a
half bandwidth of approx. 90 Ä.

A second source of background in the measurement of NO y-bands may be
a radiation scattered at possible aerosol layers in the upper atmosphere. Like the
resonance or fluorescence emission of the nitrie oxide y-bands this radiation is
not polarized. T0 record this background the intensity, passing through the
sapphire plate, was measured in a wavelength region around 2860Ä which is
free of airglow emissions. With the additional polarizing filter it is possible t0
differentiate between Rayleigh scattering and aerosol scattering.

The detectors are two l8-stage EMR side window photomultipliers with a
solar-blind photocathode. T0 get a good dynamic resolution at low intensities
pulse counting technique is used. Figure 2 shows the block diagram of the experi-
ment. Each pulse from the photomultiplier output is amplified by a fast low
sensitive pulse amplifier. The gain as well as the discriminator threshold of this
pulse amplifier are adjustable. A monostable multivibrator gives a constant
width of 40 ns for the outcoming pulses.

For Optimum performance much care is taken with the grounding concept
of the experiment. The output Signal and its ground from the pulse amplifier are
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Fig. 2. Block diagram of the nitric oxide photometer

isolated from the following logic Circuit by a high speed 20 M bit optieal coupler;
the high voltage common and the photomultiplier shield are connected t0 the
amplifier ground case. The outcoming pulse from the optical coupler is fed t0 a
16 bit binary counter. A shift register takes over this 16 bit parallel information
and the telemetry interrogates these data serially from the shift register 100 times
per second.

The photomultiplier high voltage supply is a self-oscillating dC-dc converter
with an adjustable output between 1500 t0 3200 Volts depending on the desired
amplification of the photomultiplier. A small test lamp can be switched on t0
illuminate the photomultiplier cathode t0 give a certain Signal at the data output.
Alternatively a testpulse generator can be switched on which gives a constant
pulse rate t0 the data unit.

For check-out and data quick-look a test unit was constructed which clocks
out the data from the telemetry ground station into a storage register. A binary
t0 BCD converter yields a decimal information t0 a printer and an optical 7-seg-
ment LED display. In addition a digital t0 analog converter gives the Signal t0
a recorder.

3. Calibration

Within the calibration procedure for the experiment (Beran, 1974b) at first the
dependence of sensitivity from the angle of incidence was measured. The half
width of this sensitivity eurve is defined as the angle of View.

As a next step the dependence of the pulse rate from the number of incident
photons was determined. At high photon intensities the number of the regis-
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trated pulses I; is not proportional to the number of inoident photons, but is
given by the following equation:

Po
(1+1?) to)(1+1%;/PV)1;: (1)

whereas P0 is the number of primary pulses from the photomultiplier, t0 is the
width of these pulses, and R, is the limiting frequency of the pulse amplifier.
Figure 3 shows an example for this dependence from the incident intensity given
by the varying distance between the light source and the experiment.

For data evaluation the kowledge of the instrumental degree of polariza-
tion q is very important. The calibration of this was performed with a quartz
plate at Brewster’s angle as a polarizer in front of the experiment. Then the
photometer was revolved. For the experiment we launched in the first flight the
degree of polarization was 98.3% and for the photometer of the second flight
99.3%.

At last the absolute calibration factor was measured with a calibrated tungsten
ribbon lamp and independently with a calibrated vacuum diode. Figure 4 shows
the results for the photometer launched in the first flight. In this figure we also
inserted results given by the Rayleigh scattering during the flight.

4. Rayleigh Scattering Background

Because of the small scattering optical depth of the mesosphere in this wavelength
region, only single scattering of direct sunlight needs to be considered. On the
assumption of an ideal molecular atmosphere the amount of Rayleigh scattered
light at a certain altitude can be predicted theoretically. The cross-section for
Rayleigh scattering per molecule is a function of the wavelength ‚l.

327r3(n—1)2 2+A

where n represents the refractive index and p the number density of the gas,
whereas A is a depolarizing factor. This factor is a consequence of the asymmetry
of the air molecules and has an average of 0.0303 for the earth’s atmosphere
(Gucker et al.‚ 1969).

The degree of polarization for the plane-polarized Rayleigh scattered light
is given by:

‘ 2

P(9)=
(1—A)sm 6

1+A+(1—A)cos20' (3)
The degree of polarization is only a funotion of the scattering angle 6 and remains
constant with altitude.

5. Results

Two nitric oxide photometers were launehed with Skylark rockets on the Winter
anomalous days of January4 and 21. Since the cryogenic mass spectrometer
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which was on the same rocket occupied almost the whole space at the top of the
payload and also required that the spin axis followed the tangent of trajectory,
the NO photometer viewed rearward and measured only during the descent. In
addition the scattering angle 6 between the direction of solar incidence and the
direction of observation was measured by a solar sensor integrated into the
payload.

Good data were received for both flights. From the first flight on January 4
a short recorder registration of the sinusoidally varying data is shown in Figure 5.
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With a smoothing sinus

y=(a+bcosa)r+csina)t)ed‘ (4)

drawn trough 70 data points, the minimum Ii and the maximum 1a in the middle
of each intervall was determined at the “Rechenzentrum Graz” (Torkar and
Friedrich, 1976). From these extrema the nitric oxide intensity ING was computed
by the following equation (Beran, 1974a):

(1+P-61)1‚--(1-pq)1a
2pq

cos (‚b (5)ING:

whereas d) is the zenith angle of the direction of observation. Figure 6 ShOWS the
nitric oxide intensity ING as a funetion of height. The smoothing curve trough
the intensity values is computed by spline functions. The same diagram for the
second flight on J anuary 21 is shown in Figure 7.

6. Conclusions

The polarizing nitric oxide photometer, developed novelly, is a reliable instrument
for measuring the ultraviolet y-bands of NO. The results between 50 and 95 km
are reasonable, whereas the result above 95 km need some further correetion due
t0 the big zenith angle of the direction of observation. With a rocket only spin-
stabilized and with the optical axis perpendicular to the direction of the sun the
results would be mueh more reliable.
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Measurement of the 02(1Ag) Height Profile
during a Winter Anomaly Event

W. Bangert1 and V. Amann2
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Abstract. The emission height profile of the Infrared Atmospheric Band
of oxygen at 1.27 um has been measured at Arenosillo, Spain on January 4,
1976 during a Winter anomaly event. The instrument as well as the method
of data evaluation are described. Preliminary results for the derived 02(1Ag)
and O3 profiles between 40 and 100 km are presented. They show largely
enhanced concentrations below 52 km which are assumed to be related to
the observed stratospheric warming. Distinct structures at 72, 93, and 100 km
are attributed to respective structures in the temperature profile.

Key words: Airglow — Infrared atmospheric bands — 02(1Ag) profile —
Ozone profile — Winter anomaly.

1. Introduction

Oxygen in the first electronically excited state 121g is one of the most abundant
minor constituents throughout the mesosphere and lower thermosphere. With
an excitation energy of 0.98 eV it is capable of participating in many processes
which are important for the photochemistry of the neutral and ionized atmo-
sphere. The measurement of the O 2( 121g) concentration height profile may there-
fore yield a lot of information about the composition of the atmosphere espe-
cially when combined with measurements of other constituents like atomic and
molecular oxygen and of the temperature profile.

The radiative transition from the 121g to the ground state 32g— gives rise
to the emission of the Infrared Atmospheric Band System of oxygen. The stron-
gest band of this system under atmospheric conditions is the Vibrational (0,0)
transition at 1.27 um. This emission represents the most prominent feature of
the day airglow. Despite this fact it is not easily observed from the ground
because of very strong self-absorption in the lower atmosphere. The first Observa-
tions of the Infrared Atmospheric Band System were therefore those of the
(0,1) transition at 1.58 um reported by Vallance Jones and Harrison (1958).
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Subsequent measurements of the 1.27 um band from baloons and rockets re-
vealed the prineipal behavior of this emission. During the day there is a strong
layer centred near 50 km sloping off nearly exponentially with altitude. Most
observations show a secondary peak between 80 and 90 km. The total overhead
intensity is typieally 25 t0 30 MR. After sunset the main and the secondary
layers decay exeept for a remaining intensity of roughly 100 kR centred in
one or even two layers around 90 km.

The photochemical reaction scheme capable of explaining the twilight and
dayglow observations was first proposed by Gattinger and Vallanee Jones (1966).
02(1Ag) is produeed predominantly by photolysis of ozone by solar radiation
in the Hartley eontinuum:

03(1A)+hv->02(1Ag)+0(1D) (1)
the dissociation coefficient beeing J3 29.6 10‘ 3 s" 1 (Ackerman, 1971). Deacti—
vation oecurs Via spontaneous emission:

02(1Ag)-+02(3Zg—)+hv (2)
with an Einstein transition probability eoeffieient A:2.58 10’4 s-1 (Badger
et al., 1965) and collisional quenehing by air molecules:

02(1Ag)+M——>02(3Zg_)+M (3)

with a coefficient k1=4.4 10‘19 em3s"l (Clark and Wayne, 1969). The time
constant for this mechanism ‘L'=(A +k1 M)—1 is smaller than 1h especially
at heights below 75 km where quenching beeomes dominant. Thus, photochem-
ical equilibrium ean be assumed which means that time dependent as well
as flux terms in the continuity equation can be neglected. The processes (1),
(2), and (3) therefore lead t0 the simple equation:

(A+k1[M]) [02(1Ag)]:=’3[03]- (4)

Using Eq. (4) the 03 concentration profile can easily be calculated from a
measured profile of the 02(1Ag) concentration taking the atmospheric density
profile from a model atmosphere or from a simultaneous measurement. This
scheme has been shown by Evans et a1. (1968) t0 give quite reasonable agreement
with O3 profiles measured by different methods for heights below the mesopause.
For higher altitudes there are diserepancies which lead t0 the conclusion that
further production processes besides ozone photolysis must be operating. These
might be at least partly the same as those producing the nightglow emission
of appr. 100 kR but have not been identified as yet. Therefore O3 profiles
inferred from 02(1Ag) measurements should be eonsidered with caution above
85 km.

An example of the interaetion of 02(1Ag) with the ionized atmosphere is
its ionization by solar radiation in the wavelength region between 1027 and
1118 Ä the ionization thresholds of 0202:; ) and 02(1Ag) respectively. Combin-
ing the ionization coeffieients as given by Paulsen et a1. (1972) with the actual
values of the optical thiekness and the 02(1Ag) concentration the 0: produetion
rate due t0 02(1Ag) ionization can be derived. Besides the N0 photoionization
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by Ly-oc radiation this is believed to be the most important source of ions
in the 70 to 90 km region.

Sinoe the 02(1Ag) profile is strongly eorrelated to the 03 profile it reflects
not only the processes involving 02(1Ag) as one of the reactants but also those
affecting the ozone coneentration. The reaction

is the only known source of O3. Hence changes of the O eoncentration will
directly influence the O3 production rate. The reaotion rate eoeffioient for (5)
is according to Davis (1974) k2=1.1 10’34 exp (510/T) cm6 s"1. This means
that a temperature change of —50 K which is not unrealistic at mesopause
levels will enhance the O3 production rate by a factor of 2.3 whereas the
main destruction process for 03 i.e. the photolysis remains unaffected. Anoma-
lous structures in the temperature profile will therefore clearly show up in
the 03 and due to reaction (1) also in the 02(1Ag) profiles. Since the calculation
of O3 concentrations from Eq. (4) does not include the coefficient k2 only
poor knowledge of the temperature profile will nevertheless yield a relatively
aceurate O3 profile. Therefore 02(1Ag) is a good indicator of both compositional
and structural changes in the upper atmosphere espeeially for anomalous condi-
tions such as Winter anomaly events. While O3 conoentrations are not easily
measured by other methods measurements of the emission height profile of
the (0,0) band of 02(1Ag) is a simple and elegant way for determining the
ozone eontent between 40 and at least 85 km. From this height on the 03
values start to beoome less certain due to a lack of knowledge of the photochem-
istry involved but not due to the quality of the measured data.

2. Experiment

The experiment DM2 for measuring the 02(1Ag) height profile was integrated
in the payloads B II of the German Winter Anomaly and Trace Constituents
Campaign.

The instrumentation comprised a simple filter radiometer and an electronie
control and amplification unit. The principles of the radiometer are shown
schematically in Figure 1. The bigger part of the instrument is a baffle system
mounted in front of the actual radiometer housing. The radiation has to be
thought to enter from the right. The optioal layout is such that the entrance
aperture at C which has a area of 3.14 cm2 is immaged by the system of
the three lenses L1, L2, L3 on the detector D the field of View beeing 0.314 sr
or 5.7° half cone angle. The detector is a PbS element mounted upon a five-stage
thermoelectrio cooler which controls the temperature of the flake electronically
to approximately —30° C within a few hundredths of a degree, thus ensuring
constant sensitivity and improved signal-to-noise ratio. A rotating ohopper C
just behind the entrance aperture generates a 107 Hz ac—voltage at the detector
output. This Signal is first ae amplified before it is reotified in a phase sensitive
stage and then fed to three dc—amplifiers in parallel having amplification factors
of l, 10, and 100 respeotively, thus giving a dynamical range of 2000 above
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Fig. l. Schematic drawing of the radiometer DM 2

noise levels. The noise equivalent radiance is i 1.2 10‘9 Wem—Zsf 1 or
i 100 kR as taken peak to peak. However, by smoothing the data noise can
be reduced considerably.

The electronics includes further the control units for the chopper motor
CM and the filter mechanism which tilts the filter F2 once every second by
means of two rotating magnets operating in turn in opposite directions. F2
is an interference filter of 110 A half bandwidth. In the two positions normal
and tilted to the optical axis the centre wavelengths are 1.266 um and 1.244 um
respectively. The transmission efficiency for the 02(1Ag) band is 0.75 and 0.01
respectively. Thus, discrimimation of band emission against baekground radia-
tion is possible. F1 is an additional blocking filter for suppressing short wave-
length radiation produced by Rayleigh scattering of sunlight.

In order to derive 02(1Ag) number densities it is necessary to measure the
emission in absolute units. Therefore the instruments were calibrated in the
laboratory. Neither recalibration prior to launch nor inflight checks of the
sensitivity of the radiometer were considered to be necessary since changes
of the calibration with time had shown to be beyond detectable limits. The
calibration was done in two steps. First the relative response of the radiometer
as a whole was measured in the two filter passbands using a monochromator
as a source and a thermopile for comparison. Assuming the spectral response
of the thermopile to be independent of wavelength between l.l and 1.4 um
it is possible to calculate the spectral response of the radiometer. The second
step was the absolute calibration against a blackbody. The emissivity from
the viewpoint of geometry of the source and the emissivity of wall painting
used should be better than 0.99. The temperature of the cavity was controled
by an electronic unit by means of three separate electric heating eircuits within
i0.l K at a preset value which in turn was monitored by a calibrated Pt ther—
mometer. Hence the overall blackbody calibration should be accurate to a
few percent.

The radiometer was installed in the roeket looking from the aft end parallel
to the payload axis. After motor separation an attitude control system was to
turn the playload over and to control its attitude in a way that the axis was
Closely aligned to the tangent of the trajectory on the downleg portion of
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the flight. Soon after apogee an optical shutter inside the radiometer was opened
by a timer Signal and the instrument started measuring down t0 approtimately
40 km where the payload began t0 tumble in an uncontrolled manner. Sinne
the rockets were fired t0 the southwest late in the afternoon the sun was off
the optical axis of the radiometer more than 90° for the whole time of the
measurement.

There were actually two flights of the instrumentation from Arenosillo,
Spain an January 4, 1976 15:30 UT and on January 21, 1976 15:30 UT. Both
flights tonk place during Winter anomalous conditions. Due t0 a failure of
an electronic part shortly after take-off on the second launch evaluable data
could only be gathered during the first flight.

3. Results

As an example ofthe data obtained during the flight on January 4, 1976 Figure 2
Shows the Signal vs. height as measured in the filter Channel at 1.266 um. The
profiles of both Signal channels were submitted t0 a smoothing procedure using
cubic spline functions. The 020218) band emission and the background radiation
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were separated by solving the set of two equations for each set of data points.
For this purpose the actual transmission of the filters for the lines of the band
have t0 be calculated at each of the height levels using the temperature of
the emitting layers weighted by the number densities of 02(1Ag) in it. This
was achieved in a couple of iterations starting from some model profile for
02(1Ag) and then using the calculated 02(1Ag) values for the next run. The
temperature data used here were in part those deduced from the scale heights
of the N2 density profile measured by experiment DH 2 flown in payload
B IV l h in advance of B II. For altitudes below 57 km the data were taken
from the measurement of a Spanish INTA rocket launched 10 min after B II.
The obtained values of the integrated radiance of the band were then corrected
t0 zenith and differentiated with respect t0 height t0 give the differential radiance
or volume emission rate profile shown also in Figure 2. The concentration
or number density profile was obtained by dividing the volume emission rates
given in photon units by the Einstein transition factor. The ozone profile was
then calculated according t0 Eq. (4) using the data of experiment DH2 above
80 km and CIRA 1972 data below for the atmospheric density. The two profiles
of 02(1Ag) and O3 are given in Figure 3.

There are some remarkable differences in comparison t0 results of other
experiments. The total overhead intensity of the 02(1Ag) band of 34 MR as
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well as the volume emission rate of 1.6 MR/km at 50 km are considerable
higher than the values reported by Evans et a1. (1968) and Evans and Llewellyn
(1970). Besides, there are distinct secondary minima at 72, 93, and 100 km.
As pointed out earlier both the 02(1Ag) and the O3 densities should reflect
structures in the temperature profile. There were in fact extraordinary deviations
from the CIRA 1972 temperature profile for January 40° N. At the time of
the flight there was a stratospheric warming over southwest Europe. In the
mesosphere, however, the combined data of INTA and experiment DH 2 seem
to indicate a wavelike structure in the temperature profile showing minima
near 60, 85, and 98 km and maxima near 72 and 92 km the deviations being
30 to 50K either way. The correlation between the temperature profile on
one side and the 02(1Ag) and 03 profiles on the other is striking. But also
the magnitude of the deviations seems to be reasonable. For example, the
decrease of nearly 50 K around 85 km can well explain the observed enhancement
by a factor of 2 in the O3 content as compared to the observation of Miller
and Ryder (1973). However, according to theoretical studies by Fukuyama
(1974) and Koshelev (1976) differences of this order could also be attributed
to the different latitude and season at which the measurements were conducted.

Below 52 km the scale height of the O3 profile changes drastically from
the normal 4.4 km to 2.0 km indicating a marked increase of the O3 content
in the stratosphere. This increase seems to be related to the observed strato—
spheric warming which might at least partially be produced by enhanced absorp-
tion of solar radiation in the Hartley band of ozone. It should be pointed
out that the temperature data used here are not to be considered as final
at present. Hence, the presented results are also preliminary although only
minor changes are to be expected for the02(lAg) and O3 profiles.

Acknowlea’gment: This research was sponsored by the Bundesministerium für Forschung und Tech-
nologie under contract RV 14-B 103/73—B II/DM2. The radiometer was built at the Meteorologisches
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A Two Channel Rocket Photometer for 5577 Ä OI
Nightglow Measurements

Armin Drescher
DFVLR-Institut für Optoelektronik, D-803l Oberpfaffenhofen, Federal Republic of Germany

Abstract. A Description of a Two Channel Multiplex-Type Photometer for
Small Rockets is given.1

Key words: Winteranomaly — OI 5577 Ä Nightglow — Two channel rocket
photometer.

l. Introduction

Rocket measurements of the atomic oxygen green 1ine emission during nighttime
showed a considerable variability of the emission layer in intensity, half width
and height above sea level. Summaries were made by Greer and Best, 1967;
Offermann and Drescher, 1973; Shefov and Kropotkina, 1975. Purpose of the
rocket experiment was to detect variations in the nighttime emission layer,
to correlate them with ground based observations of the spacial and temporal
variations of the total green light intensity and to examine correlations to other
parameters as the daytime winter anomaly events.

Further it was intended to calculate nighttime oxygen height profiles from
the measured volume emission rate by the Chapman and/or the Barth excitation
mechanism and to compare these calculated profiles with the daytime mass-
speotrometric measurements of atomio oxygen.

The last comparison mentioned above ean only be done with a1] the uncer-
tainties in the knowledge of the excitation processes of the 5577 Änightglow
as discussed most recently by Slanger and Black, 1977.

The OI photometer had to be flown on a Skua IV rocket, as used by
the Max Planck Institut für Aeronomie. The photometer had to be small,
oheap, and rather rugged. The basic idea was to use two optical channels,

1 Tests and calibration are described, and preliminary data of 5 flights are communicated
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one direct and one chopped, and t0 give both Signals simultaneously on the
same photomultiplier, thus needing only one unit for reception and processing
of the Signal.

The use of two optical channels was though t0 be essential t0 determine
background and its variations as caused by continuum emission and rocket
coning. Both optical channels are upward-looking, parallel t0 the rocket axis
with the same field of View.

2. Instrument Description

Both optical channels consist of field of View defining baffling entrace apertures
A, one inch diameter interference filters I and focusing lenses as shown in
Figure l. In front of the filters are field of View widening lenses t0 reduce
the importance of single stars in the background radiation. The etendue of
each channel is 0.04 cm2 steradian. The upper ray path is reflected by two
mirrors, l and 2, nearly on the same region of the multiplier-photocathode
as illuminated by the lower channel.

The upper channel is chopped by a hollow‚ sideward semiopen cylinder
C. This cylinder is driven by a micromotor with gear M at a chopping frequency
of 1.5 cps.

The photomultiplier P and the micromotor M are mounted each within
cylinders of aluminum. The HV power supply and the single photon counter-
discriminator are mounted alongside the two aluminum cylinders and not shown
in Figure l. All the other electrical system is contained within the cylindrical
box E. The optical part of the photometer with the deflecting mirrors, and
the electrical part with the chopping cylinder are each mounted separately and
directly into the nosecone. This was done in a vacuum tight way t0 avoid
high voltage break down during flight.

Mounted in front of the photometer is a split nose cone which was separated
by a pyroelectric cablecutter in 70——75 km height. The optics had t0 be protected
against oil and dust from the cablecutter.

The photomultiplier was an EMR 54l with high temperature bialkali photo-
cathode, operated at 5' 106 gain. High voltage power supply and pulse amplifier
discriminator were from Spacom Electronics. All other electronic system was
developed at the DFVLR Institut für Nachrichtentechnik. The TTL compatible
output Signal of the pulse amplifier is fed into a 16 bit binary counter with
reset and parallel data transfer into a shift register every 32 ms. After impedance
conversion and frequency filtering the signal is transmitted as 16 bit binary
words in PCM format 32 times per second on FM-FM telemetry.

One data frame consists of 128 words, the last word being a synchronization
signal. Bit synchronization is realized by use of a modified RZ-Code.

The following housekeeping values were telemetered as time multiplexed
analog Signal t0 the ground station: The pressure measured within the pres—
surized part of the photometer in the range from 20 t0 800 Torr, the temperature
in the Vicinity of the photocathode, the temperature of one of the interference
filters, each with a dynamic range from 10—70° C. The position of the chopper
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was measured by an optical IR reflex sensor and two small mirrors of different
size on the cylinder botton. This signal was telemetered in realtime on a FM-FM
channel of its own.

3. Test and Calibration

All testing of components and the whole instrument was done at DFVLR.
Instrument tests have been made for Vibration, temperature and vacuum. The
chopper mechanism had been qualified separately before. Interference filters
had been tested for absolute transmission curve and their relative dependency
on temperature and angle of incidence. Photomultipliers have been tested for
quantum-efficiency, gain, dark current and noise in signal. In comparison with
such measurements made for earlier missions at DFVLR no severe discrepancies
between producers data and our measurements were found this time.

Optimal performance of the multipliers in pulse counting mode had been
found at about 60—70% pulse counting efficiency as compared to the dC-signal.
Higher values of the pulse counting efficiency generated excessive noise in signal
and strongly enhanced dark counting rates.

Calibration of the instrument was performed over two decades of intensity
by using two different calibrated tungsten ribbon lamps projected by a focusing
lens upon a Barium-sulphate white standard. Further we used neutral density
metal filters and a small bandwidth 5577 Ä filter for emission line Simulation.
The Characteristics of the filters had been measured before and were crosschecked
during the photometer calibration process. The tungsten ribbon lamps have
also been measured with a calibrated detector and controlled interference filters.

The two channels of each photometer were calibrated separately and together.
The Characteristic curve of intensity with time for the chopped Operation of
the photometer was determined at low chopper speed with a digital to analog
converter for every photometer.

During calibrations lasting for two months, the photometers showed good
stability in the ratio of the two channels but up to more than 5% drift in
total responsivity, different for the individual instruments.

4. Preliminary Results

To allow van Rhijn correction of the photometer data, a simple, small horizon
sensor was developed for the BV payload at DFVLR-Institut für Nachrichten-
technik in cooperation with Bonn university. The horizon sensor consisted of
a l” germanium lens, a Molectron 4mm2 pyroelectric detector followed by
a FET—amplifier in source follower conneotion. The field of View of the sensor
was i20 mrad.

The first OI photometer was flown on January 4, 1976 at 22.58 U.T. The
apogee of 95.8 km was to low according to a weak rocket motor. The rocket
did not penetrate the emission layer. As this flight showed excessive payload
heating the interference filters in the other photometers were interchanged so



|00000189||

5577 Ä OI Nightglow Rocket Photometer 177

Table l.

Date U.T. Apogee. AÄ5577 Ä background horizon sensor
applied

‚1 A/l

4.1.76 22.58 95.8 20.3 5468 44 +
21.1.76 22.30 109.1 20.1 5641 25 —'

5.2.76 22.30 103.1 22.1 5468 44 +
4.5.76 21.30 109.3 23.2 5645 21 —
5.5.76 21.30 104.4 19.8 5644 21 +

+

+
+ +

+ \\ ‚' "' + \\1
Fig. 2. Intensity versus time on downleg 1|. II \
below the emission layer at January 21, \ I \
1976. The dotted curve is the \\ + ‚’4. \\+
characteristic curve of the chopped \ + ‘I' , +\
Signal as determined in the calibration \———t— / \_t_
process + + 4' +

[k m3 1 1 I
110 ‘

‚ 21.Jan. 76

D

+

100 - EI -
’ u

+
U

+

90 *- + Upleg E-J -

D Downlog [1+
Fig. 3. Relative intensity for upleg and downleg of- o—athe fllght of January 21, 1976 as determined in a 80 F

Mean Error

hendprocedure by use of half of the data rate and 1 1 E1
*

w1thout correction for background variation. The 0 20 1.0 60
probable error is nearly the same for all data
points shown Intensity [Rayleigh 1



|00000190||

178 A. Drescher

that the 5577 Ä filter was incorporated in the chopped channel and the back—
ground filter in the direct channel. Before and after this filter interchange the
photometers were calibrated with a radioactivated phosphor to determine the
new calibration factors. These measured values were in accordance with the
old calibration values and our measured filter and mirror characteristics.

The second flight was in the night of January 21, 1976, at 22.20 U.T.
A better rocket motor and lack of the horizon sensor brought an apogee of
109.1 km. Data on all launches are given in the following table.

In all five launches no technical failures occurred. The data were rather
noisy according to the high payload temperatures. An example is given in
Figure 2. Digital tapes have been constructed from the analog telemetry data.
A computer program to minimize noise effects and to determine background
signal variations caused by rocket attitude variations is not yet finished. So
only some handdata can be presented in Figure 3.

Acknowlea’gements. The deveIOpment of the OI photometer was sponsored by Bundesministerium
für Forschung und Technologie under Grant No. RV l4-BllO/73-BIII/D02. The development of
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Payload B III—an Instrument Package for the
Measurement of Conductivity, Concentration and Mobility
of Positive and Negative Ions in the Mesosphere

H.U. Widdel, G. Rose, R. Borchers
Max-Planck-Institut für Aeronomie, D-34ll Katlenburg—Lindau 3, Federal Republic of Germany

Abstract. Payload BIII was a rocket-borne parachuted, self-tracking Gerdien-
type aspiration analyzer designed for the measurement of concentration and
mobility of positive and negative ions, electron concentration and polar
conductivity in the height range below 80—85 km.

The goal of this instrument was to gather information about the height
distribution of charged particles, especially negative and positive ions, their
relative size and their seasonal variation in this range.

The instrument is described and results are communicated. The steep
increase of conductivity found during the Winter season above 43 km was
caused by an increase of number density of charged particles and not by
a change of carrier mobility. Following model calculations made by Mohnen
(1971) the most abundant positive carriers have a particle radius of
3.5—4.10’ 10 m. This value corresponds to the size expected for small Cluster
ions. Below 40 km, little variation of conductivity with season was found.
It did not exceed a factor of two in certain height levels. One observation
made in summer suggests that an increase of conductivity (also caused by
an increase of number density of ions) can occur occasionally also during
the summer season.

Key words: Rocket experiments — Gerdien condenser — Lower D-region
— Mobility — Seasonal changes.

The role of large particles in the stratosphere, mesosphere and D-region has
been discussed in the literature from time to time in an attempt to explain

' certain peculiarities of atmospheric behaviour observed either by ground-based
facilities or by space-borne experiments (e.g. Reid, 1967, 1971; Farlow and
Ferry, 1972; Ferry and Farlow, 1972; Rauser and Fechtig, 1972; Roessler,
1972, 1974; Fiocco and Visconti, 1973; Witt, 1974; Hughes, 1974; Fiocco, Grams
and Visconti, 1975). Such particles affect heat balance, infrared radiation loss
and atmospheric composition and can be, directly or indirectly, source of addi-
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tional ionization too. There is no doubt that such large partioles exist and
that their presence is subject to seasonal changes as is proven by the existence
of noctiluoent Clouds. Their measurement, however, is difficult. A first approach
to get information about suoh partioles is the measurement of the concentration
and the mobility of Charged species of both signs. An instrument package
for this purpose was developed and flown in oertain numbers.

The Instrument Package

1.1. The Gerdien-Probe

A suitable tool to measure mobilities and ooncentration of oharged particles
is a cylindrio condenser through which an airstream is drawn. When a time-
variable Voltage is applied to the eleotrodes, the Charged particles inside the
airstream are forced to move perpendicular to the direotion of the axial air
flow and oause a current. When the voltage is high enough the probe current
saturates on a oertain level which is proportional to concentration and flow
velocity. From the shape of the ourrent-voltage oharacteristics and from the
saturation current‚ mobilities, polar conductivities and oonoentrations oan be
derived provided the flow velocity through the condenser is known. This kind
of instrument was first proposed by H. Gerdien in 1905 and has since then
found a wide applioation in the field of atmospheric electricity.

A first practical attempt to use Gerdien oondensers for ionospheric D-region
research was made by A. Pedersen (1966). Our own development of a Gerdien-
type aspiration analyzer started in 1963 and was flown for the first time in
1968 (Widdel, Rose, Borchers, 197l) after being thoroughly tested in the labo-
ratory under equivalent environmental conditions (Borchers, 197l). A oross
section of the instrument is shown in Figure l. A double-guard ring arrangement
was used which helps to solve the problem of confining the front and back
end stray field of the cylindrical oondenser. Further, it allows to define a reliable
referenoe potential. The Gerdien-analyzer was therefore double-walled. The
outer shell was used as the reference for the driving potential and for the
probe ourrent measurements. The inner conductor was connected to reference
ground through the current measuring device and to a guard ring at the front
of the analyzer. The latter confined the front end stray field of the capacitor
to the interior of the analyzer in order to prevent mobility discrimination outside
of the instrument. A small stray field however was left in order to prevent
electrons from entering the analyzer and to guide them to the outside reference
shell where their contribution to probe ourrent is then not measured. Ions
are not affected by this stray field because their mobility is very muoh lower
than the mobilities of electrons.

When different ion mobilities are present, a serious “grounding“ problem
exists because not all ions are intercepted inside the analyzer by the time-variable
probe voltage during the analyzing process. As the result of this imbalance
in Charge collection‚ the probe assumes a Charge against the environment which
distorts the Charge distribution of the environment and disturbs the oondition
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Fig. l. Semi-quantitative cross section through the Gerdien aspiration instrument. Dimensions are
given in millimetres. The capacitors Ck are compensation capacitors for the displacement current
generated by the probe sweep. They are adjusted to yield zero output of the current meters when
no ionization current is present

of quasi-neutrality. This problem is avoided when a second Gerdien section
is used which follows the analyzer. Its electrodes are kept to a constant potential
high enough to intercept all oharged particles which otherwise might leave
the analyzer section. This section is called the “neutralizer”. The probe current
of the “neutralizer” is inverse to that of the analyzer and can be used to
check the proper function of the instrument.

In order to keep the length of the instrument as short as possible, the
neutralizer is folded. Guard rings oonfine the stray field of the neutralizer
potential.

The analyzer voltage is of triangular waveform. Its amplitude is matched
to the different height regions in which measurements are taken. It varies from
5 Volt applied for 80 s after deployment of the probe at apogee, then it is
changed to 15 Volt from flight second 80 to 160, switched to 30 Volt from
second 160 to 240 and then to 60 Volt for the rest of the flight.

1.2. The Flow Meter

The accuraoy of the Gerdien measurements depends upon the aocuraoy which
can be attained for the measurement of air flow through the Gerdien system.
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It ean be assumed that the flow through the tube is the same as the flow
in the environment for most parts of the probe trajectory. By this, radar tracking
data could in principle be used to determine the flow velocity‚ but, beeause
one cannot exclude the possibility that the probe is not properly orientated
along its descend path and that the aetual flow velooity through the Gerdien
is then different from the ambient flow, it was decided to supplement the
Gerdien analyzer by a second separate system. This flow meter was nearly
identical in its mechanieal details but operated in a different mode to obtain
the flow by modulating the plasma inside the Gerdien tube with square waves
of different frequencies and measuring the output in the neutralizer section
(Rose and Widdel, 1967). Laboratory measurements made under conditions
equivalent to aetual flight eonditions yielded a fairly good accuracy of the
flow measurement (5% was aehieved).

1.3. The Radio Altimeter System

The radar tracking of probes which are ejected from rockets during flight poses
a lot of problems which are worst during the initial phase of ejeotion when
the two targets are not separated by a distance large enough to allow discrimina-
tion. Cases are not too rare in whieh the wrong target was picked up by
the radar for traeking and the right object was lost because it is almost impossible
for conventional narrow-beam radars to pick up again the wanted object. The
Situation becomes aggravated when the tracked target splits up into more than
two objects during a separation or expulsion process. Finding the right target
in the multitude of objects may become very diffieult and needs considerable
experience. This problem does not exist when the payload is equipped with
a self-tracking device which supplies trajectory data and operates independently
from any radar track. Suoh a device was developed (Widdel, 1964; Rose, Widdel,
197l) and was used to advantage in the payloads. It allows automatie and
continuous tracking of the payload on command from a ground station. Its
working principle is displayed in Figure 2.

1.3.‘1. Working Principle

A short (10 psec.) pulse is emitted from a ground station on VHF frequeneies
and is received in the payload. The payload receiver is set to a fairly low
sensitivity in order to minimize response to foreign emissions and to electrostatic
diseharges whieh are often observed to be generated in large cumulus Clouds.
The received pulse is re-emitted from the probe on the same frequency. After
the emission of the pulse, the receiver in the probe is set to a higher sensitivity
which inereases linearly with time and waits for the direct return pulse from
the ground. Because the return pulse is (to a very good approximation) a
true reflexion from the ground and not a radar seatter Signal, very low transmitter
power is sufficient to achieve a useful Signal—t0 noise—ratio (100 milliwatts
suffice when no external noise sources are present). The ground return pulse
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is re—transmitted and the receiver is then set to a. very low sensitivity in order
to suppress multiple response t0 ground echoes.

1.3.2. Data Evaluation and Display

When the interrogation pulse is emitted from the ground station, a counting
device is started. It is stopped by the first return pulse (which corresponds
to slant range to the probe) and is started again at its end. At the first stOp,
the slant range is edited and stored. The second stop of the counting device
is provided by the second response pulse from the probe which eorresponds
to true height. If no second pulse is received, the counting is stopped at a
preset tirne and a fixed value is edited. In the counting process, corrections
for receiver and transmitter phase lag are added to achieve true values for
slant range and true height above ground.

The results of the measurements are printed out on paper together with
real time, flight time and a eode which describes the Operation mode. These
data are also stored on magnetic tape and displayed both on digital readouts
and on an oseilloscope. All ground equipment is housed in a small rack which
is easily tranSportable. Simple dipole antennas are sufficient for Operation. This
radiolocation unit provecl to be very useful especially in cases when no radar
traeking of the probe was available. It is especially helpful for tracking objeets
from moving bases (for example, from a ship) which do not allow the installation
of elaborate radar or other traeking systems. An example for an aetual tracking
of a small probe is given in Figure 3.

1.4. The Pressure Probe

Because mobility is a function of pressure, the payload paekage was sup—
plemented by a Pirani—type pressure gauge which was developecl by modifiea-
tion of an available eommercial unit.
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2. Probe Arrangement and Deployment

All instruments were designed into a parachuted package which eontained the
batteries, telemetry systems (IRIG FM/FM) and antennas. The two cylindrical
probes (Gerdien condenser and flow meter) were mounted on spring-loaded
latehing pivots which folded out when the probe was ejected. The probe was
mounted in a tube which was fixed t0 the package plate between the two
cylindrical probes.

A conical parachute with very long shroud lines was used t0 limit the descend
velocity and to stabilize the probe. An inflatable torus was provided to open
the parachute. The probe was deployed near apogeee of the rocket’s trajectory
backwards into the Opposite direction of flight. This is advantageous to the
eonventional way of ejection in which the probe is thrown out into the forward
direction beeause probe and parachute are put into flight position from the
very beginning. Some amount of compensation of the trajectory speed is aehieved
also in the “baokwards” mode. A modified “Petrel I” rocket carried the payload
to an apogee of not more than 85 km. To achieve this, the payload was
made quite heavy (34.5 kg) and drag buttons (5 mm long) were attached to
each of the six fins of the “Petrel” t0 reduce performance.

To assure stable flight of the deployed probe, de-spinning of the rocket
before ejeetion is mandatory. If this is not d0ne, the probe shall produee preces-
sion movements which may render data evaluation of the Gerdien probe almost
impossible. Also, the motor has t0 be jettisoned from the payload as early
as possible in order to provide a good separation between payload and burnt—out
motor. This is necessary to avoid eollision between payload and motor and
to minimize the possibility of contamination of the measurements which might
oceur when the probe orosses the cloud of combustion produets of the outgassing
motor. The sequence of motor separation and payload deployment is shown
in Figure 4.
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Fig. 4. Payload separation sequence: At flight second 80. the rocket is de-spun by a yoyo-device.
Two seconds Iater. payload and motor are separated by release of compressed nitrogen. Near apogee.
the payload and parachute are thrown out the of the payload with a piston driven by compressed
nitrogen (the piston serves as the gas reservoir). The piston jams into a eonical taper serving
as a brake shoe. The parachute is Opened by a toroidal inflation aid. A5 soon as the probe
leaves the payload Shell it is activated and Starts t0 work

3. Results

Some results which we obtained during the flights are shown in Figures 5 to
7. We found a rather good agreement of the mobility measurements for the
most abundant species of positive ions on different flights (see Fig. 5). There
seems to be no dramatic change for this ion species. Our mobility measurements
agreed also well with those communicated by Conley (1972, 1974). He flew
his Gerdien system on a supersonic rocket. As expected, we found that the
ledge of conductivity increase is in lower heights during winter than in summer
(see Figs. 6 and 7). We ean also say that this increase in conductivity is not
primarily caused by a change in the mobilities of ions but by a signifieant
increase in the number densities of carriers (Fig. 8). Below 40 km there is not
much differenee in conductivity between summer and winter eonditions. Above
40 km however, it looks as if the summer atmOSphere can occasionally turn
into a state similar to that found in Winter (Widdel, Rose, Borchers, 1976).
The reason for this effect is not known yet. Extrapolating mobility caleulations
made by Mohnen (197l), we found that the partiele radius of the positively
charged earriers was 3.5—410‘“D m which is approximately the size to be
expected for small Cluster ions. Good agreement was found with earlier data.

The development of this experiment was supported by grant WRK 85 and
WRK 90 of the Bundesministerium für Wissenschaft und Technologie.
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Review Article

Die Einheiten des internationalen Systems
in der Geomagnetik

A. Hahn

Niedersächsisches Landesamt für Bodenforschung, Postfach 510153;
F-3000 Hannover 51, Federal Republic of Germany

SI Units in the Field of Geomagnetism

Abstract. In the field of Geomagnetism only electromagnetic cgs units were
used in the'past. In September 1973, however, the International Association
of Geomagnetism and Aeronomy recommended the adoption of SI Units.
Thereby it was specified that values of the geomagnetic field should be
expressed in terms of the magnetic induction B, values of intensity of
magnetization in terms of magnetization M and values of susceptibility as
the ratio between M and the magnetic field H.

The paper presents guidelines for the adaptation t0 SI of the fundamental
relations and common formulas used in geomagnetism particularly in the
field of interpreting magnetostatic anomalies.

Key words: Geomagnetism — Units.

l. Situation

Gemäß dem „Gesetz über Einheiten im Meßwesen“ und der „Ausführungsver-
ordnung zum Gesetz über Einheiten im Meßwesen“, beide von 1970, sind zur
Messung physikalischer Größen die SI-Einheiten (SI=Systeme Internationale
d’Unites, internationales Einheitensystem) zu verwenden. Damit fallen die bisher
in der Geomagnetik üblichen Einheiten Gauß (G, F), Oerstedt (0e), Gamma (y;
1)):10‘50e) und „elektromagnetische cgs-Einheit“ (für die magnetische Sus-
zeptibilität) weg.

In der Geomagnetik braucht man Einheiten für folgende Größen:
I. das Meßergebnis einer geomagnetischen Geländemessung mit den Instru—

menten Feldwaage, Torsionsmagnetometer, Förstersonde, Protonenmagnetome—
ter oder optisch gepumpte Magnetometer u.ä.,

II. die remanente und/oder induzierte Magnetisierung von Probekörpern
(meist Gesteine oder Minerale),
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III. die physikalische Größe, die in Probekörpern eine Magnetisierung
erzeugt,

IV. die Proportionalitätskonstante, die zwischen III. und der induzierten
Magnetisierung vermittelt (magnetische Suszeptibilität).

Das SI sieht fur diese 4 Größen keine eindeutig bestimmten Einheiten vor.
Die Geomagnetiker haben daher in einer Sitzung der Internationalen Assozia-
tion für Geomagnetismus und Aeronomie (IAGA) am 21. Sept. 1973 in Kyoto
als Resolution 3 folgendes beschlossen (Melchior, 1974, S. 36):

”IAGA, considering that SI Units are achieving international recognition as
a single standard for worldwide use, recommends adoption of SI Units in the
field of geomagnetism.

Specifically IAGA recommends that:
1. (a) Values of the geomagnetic field be expressed in terms of the magnetic

induction B (SI Unit tesla=weber/metre2).
(b) If it is desired to express values in gamma, a note should be added stating

that “one gamma is equal to one nanotesla”.
2. (a) Values of intensity of magnetization be expressed in terms of magneti-

zation M (SI Unit ampere/metre).
(b) If it is desired to express values in e.m.u., a note should be added stating

that “one e.m.u. is equal to 103 ampere/metre“.
3. (a) Values of susceptibility be expressed as the ratio between magneti-

zation M and the magnetic field H.
(b) If, during the transitional period, it is desired to use values of suscepti-

bility in e.m.u., a note should be added stating that “ X51 is equal to 47TXe.m.u.”-
Zu 2. (b): Unter der Bezeichnung e.m.u. versteht man in diesem Zusammen-

hang gewöhnlich 1G.
Zu 3. (b): In diesem Fall bedeutet e.m.u., daß man das (dimensionslose)

Verhältnis von induzierter Magnetisierung zu dem Feld Oe, das sie erzeugt, aus
den Einheiten G und Oe gebildet hat, die ja im cgs-System dimensionsgleich
sind.

Es erscheint auf den ersten Blick unpassend, daß das Ergebnis von Gelände-
messungen (I.) nicht mit der Einheit des Magnetfeldes H, Am‘l, gemessen
werden soll, sondern mit der Einheit der magnetischen Kraftflußdichte oder
Induktion B, Tesla; jedoch ist dazu folgendes zu bemerken:

1. Die Beziehung

B=‚uOH

ist in Luft bis auf einen Fehler erfüllt, der bei jeder in der Geophysik noch
sinnvollen Präzisionsforderung vernachlässigt werden kann.

2. Der Unterschied zwischen dem Magnetfeld H und der magnetischen
Kraftflußdichte B besteht in der Magnetostatik darin, daß H den wirbelfreien
und B den quellenfreien Teil des Gesamtphänomens darstellt:

rotH:O

divB:O
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Dementsprechend findet man an Grenzflächen zwischen zwei Medien unter—
schiedlicher Permeabilität, daß bezüglich dieser Fläche die Tangentialkompo-
nente von H und die Normalkomponente von B stetig von dem einen Medium
in das andere übergehen. Diesen Unterschied veranschaulicht ein Gedankenexpe-
riment (z.B. Sommerfeld, 1948, S. 90), bei dem im Innern eines Mediums mit der
Permeabilität u im homogenen Magnetfeld einerseits in einer feldparallelen
dünnen Bohrung und andererseits in einem quer zum Feld flächenhaft ausge-
dehnten dünnen Schlitz eine Feldstärkemessung durchgeführt wird. Das Ergeb-
nis der Messung in der feldparallelen Bohrung repräsentiert H, dasjenige im
Querschlitz B = u - #0 H.

Die Frage, ob eine Meßsonde B oder H mißt, hat Lowes (1974) für die z.Z.
gängigen Apparaturen untersucht. Er fand in allen Fällen, daß das Meßergebnis
in ziemlich komplizierter Weise vom äußeren Feld — sei es nun das Magnetfeld
H oder die magnetische Induktion B —— und von der Suszeptibilität des
umgebenden Mediums Luft oder Wasser sowie von der Gestalt und der Suszep-
tibilität der Meßsonde abhängt. Es besteht also weder von der Meßpraxis noch
vom Verständnis des Meßvorgangs her ein gewichtiger Grund, eine der beiden
Größen, B oder H, zur Beschreibung der Ergebnisse von Geländemessungen zu
bevorzugen.

Hingegen sprechen zwei praktische Gründe für die in der Resolution getrof-
fene Zuordnung:

1. Es entsprechen sich
1)) 21 nT (nanoTesla)

beim Feld bzw. der Induktion und
IOOyälAm‘l (4)

bei der Magnetisierung. Lediglich bei der Umstellung der abgeleiteten Größe
„Suszeptibilität“ tritt der Faktor 47i auf.

2. Die magnetische Induktion, also das gewöhnlich auf Karten oder Dia-
grammen dargestellte Ergebnis von Geländemessungen, hat nun eine andere
Dimension als die Magnetisierung, also die Eigenschaft von Gesteinsproben.
Letztere hat zudem eine anschauliche Bedeutung bekommen: Die Magnetisie-
rungskomponente einer z.B. würfelförmigen Gesteinsprobe parallel zu einer
Würfelkante ist in ihrer Wirkung außerhalb der Probe äquivalent der Wirkung
einer Drahtwicklung um die Probe, deren Achse parallel zu dieser Kante liegt
und die von einem so bemessenen Strom durchflossen ist, daß derselbe Wert in
Am‘ 1 entsteht, der auch die Magnetisierung kennzeichnet.

Andererseits wird mancher Geophysiker mit Bedauern sehen, daß das Wort
„Magnetfeld“, das ja das H-Feld bezeichnet, nun eigentlich nicht mehr auf den
Gegenstand der geomagnetischen Vermessungen angewandt werden darf; auch
muß bezweifelt werden, daß sich hierfür im Sprachgebrauch der Geophysiker
die Worte „(magnetische) Induktion“ oder „(magnetische) Kraftflußdichte“
durchsetzen werden.

2. Gegenüberstellung der Einheiten

Für diese Gegenüberstellung werden im folgenden meist Größengleichungen
verwendet. Wenn darin oder in einem anderen Ausdruck die Einheit einer
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Größe angegeben werden soll, so wird die betreffende Größe als Produkt aus
Zahlenwert und Einheit dargestellt. Dabei werden unbestimmte Zahlenwerte
durch das in geschweifte Klammern gesetzte Formelzeichen dargestellt. Solche
Größen sind also z.B. {H} A m‘ 1, {B} T. Selbstverständlich stellt das eingeklam-
merte Formelzeichen denjenigen Zahlenwert dar, der bei Verwendung der
dahinterstehenden Einheit erhalten wird (DIN 1313).

Faktoren für die Umrechnung der Zahlenwerte beim Übergang vom cgs-
System zum SI sind am Schluß der Arbeit zusammengestellt.

2.1. Magnetfeld, magnetische Induktion

Gebräuchliche Symbole für die zu messenden Größen sind:

H für das Magnetfeld

B für die magnetische Induktion

Aus der Theorie werden diese Größen gekennzeichnet durch

rot H = O
div B = 0.

Die Einheiten sind:

Für H: Oerstedt (Oe) H: Ampere pro Meter (A m‘ 1)
Für B: Gauss (G) B: Tesla (T) (1)
Im Vakuum gilt BzH aOH; ‚.L0=47t-10—7T/Am“1

Zwischen den Einheiten der beiden Systeme, welche zur Messung derselben
Größe dienen, bestehen die Beziehungen:

10e2103/4nAm‘1, (2)
IG g10‘4T. (3)

Für diese Vergleiche seien hier die entsprechenden Abschnitte aus Kohl-
rausch (1943) zitiert; die verwendete Schreibweise ist am Anfang des Kapitels
erläutert:

„In der folgenden Zusammenstellung ist neben der üblichen Buchstabenbe-
zeichnung (Symbol) die Dimension der Größe in einer eckigen Klammer ange-
geben. Die der Größe zugehörige Maßeinheit im cgs-System wird, falls kein
von 1 verschiedener Faktor hinzutritt, dadurch dargestellt, daß in dem Aus-
druck für die Dimension die Größen l (Länge), m (Masse), t (Zeit) durch cm,
g, s ersetzt sind.“
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„Magnetische Feldstärke. H =[l‘1’2m1/2t‘1]. Sie kann bestimmt werden
durch Vergleich mit derjenigen magnetischen Feldstärke, die im Inneren einer
von dem Strom I durchflossenen Spule erzeugt wird. Besitzt die gegen ihren
Durchmesser lange Spule z Windungen je cm, so ist [H]m=47r - z- [I]„,;s - I;
[H]m wird gemessen in Örsted (Q), H in Amperewindungen pro cm (A/cm). In
Rücksicht auf den verschiedenen Zahlenwert von [I]„, und I (vgl. Stromstärke)
Ist

H=10/47I[H]m; [cm‘ 1/2 g“2 s‘ 1]=1®:10/47rAcm“ 1.“

Beim Stichwort „Stromstärke“ ist vermerkt, daß die Einheit der Stromstärke im
cgs-System l[cm1/2 g“2 s‘ 1] 210A ist.

Magnetische Induktion. B=[l’1/2m1’2t‘ 1]. Sie kann ermittelt werden aus
t2

dem Zeitintegral j U _ dt der elektromotorischen Kraft, die in einer Drahtschleife
ti

von der Fläche dF induziert wird, wenn die Drahtschleife während der Zeit t2
—t1 in einem magnetischen Feld von dem Ort, an dem die Induktion B
bestimmt werden soll, bis in praktisch unendliche Entfernung (B=O) geführt
wird. Unter der Voraussetzung, daß die Drahtschleife homogen von den magne-
tischen Induktionslinien ausgefüllt wird, gewinnt man die Induktion selbst, wenn
man das genannte Zeitintegral durch die Windungsfläche dividiert. Die entspre-

d
chende Differentialgleichung lautet: U =

—ä;
j (B‚dF). Absolutes Maß: die cgs-

Einheit heißt 1 Gauß (G); praktisches Maß:

V s/cmz; [cm‘ 1/2 g“2 s‘ 1] : 1 G: 10’ 8 V s/cmz.“

Oder 16:10’4V s/m2 210‘4T.
Die bisher in der Geomagnetik übliche Einheit ly :10‘ 5 Oe, für die man bei

Messungen im Vakuum oder in Luft auch unbedenklich schreiben kann ly
=10‘ 5 G, entspricht also im SI 10‘ 9 T z 1 nT:

lyglnT. (4)

2.2. Magnetisierung

Zur Betrachtung dieser Größen sei zunächst Stille (1955) zitiert:
„Eine gewisse Sonderstellung nehmen die Größenarten magnetisches Mo-

ment, Magnetisierung und magnetische Polstärke ein, für die nebeneinander
zwei verschiedene Definitionsarten üblich sind.

In beiden Fällen wird das magnetische Moment m, beispielsweise eines
Magneten, über das mechanische Drehmoment eingeführt, das auf den Magne-
ten in einem äußeren Magnetfeld ausgeübt wird. Die beiden Auffassungen
unterscheiden sich durch den magnetischen Feldvektor, der zur Charakterisierung
des äußeren Magnetfeldes bei der Definition des magnetischen Momentes
benutzt wird: magnetische Feldstärke oder magnetische Induktion.“
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IAGA hat sich in der zitierten Resolution für die letztere Möglichkeit
entschieden. Es sei daher nur die entsprechende Passage aus Stille (l.c.) wiederge-
geben:

„Zum anderen wird das magnetische Moment mit der Leerinduktion BO
zuOH durch die Gleichung

T=mB><BO

definiert. Dient mB zur Beschreibung des in einem magnetisierten Körper
hervorgerufenen Magnetismus, so nennt man den Grenzwert (I—>0; T Volumen
des Körpers) des Quotienten mB/r „Magnetisierung M“. Der Vektor M wird
über den Vektor mB durch die Gleichung

mB=jMdt

definiert.“
Das Wort Leerinduktion deutet an, daß das mechanische Drehmoment T

eines magnetisierten Körpers im Vakuum bestimmt sein soll. Die der Magneti-
sierung entsprechende, über das Magnetfeld H definierte Größe heißt „magneti-
sche Polarisation“; ihr Formelzeichen ist J. Im cgs-System benutzt man ge-
wöhnlich das Wort „Magnetisierung“ zusammen mit dem Formelzeichen J.

Zwischen den Magnetisierungsgrößen und den Feldgrößen bestehen folgende
Zusammenhänge:

divH= —47zdiv J.
'

divH= —div M. (5)
Da die Einheit für H: Oe Hier sind die Größen J und M zu
und diejenige für J: G unterscheiden: Im Fall homogener
dieselbe Dimension haben, braucht Felder gilt:
hier auch zwischen J und M nicht
unterschieden zu werden. B = ‚110(H + Ml

und (6)

B = ‚uOH + J.

Also

J Z #0 M (7)
Dementsprechend ist die Einheit für J:
Tesla und für M: Am“ 1.

Zwischen den Systemen entsprechen sich hier

1G „2.103Am‘1

10-3G:100y_ lAm‘l (8)
IO‘ÖG lmAm‘l.

|>

Il>



|00000207||

Die Einheiten des internationalen Systems in der Geomagnetik 195
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Diese hinsichtlich der Magnetisierung gültige Beziehung zwischen G und A m‘ 1
ist sorgfältig zu unterscheiden von der in 2.1 formulierten (G1. (2) und (3)), die für
Feld- bzw. Induktionsmessungen gilt.

2.3. Suszeptibilität

Gebräuchliches Symbol der Suszeptibilität ist x. Die Größe selbst ist dimen—
sionslos als Quotient zweier Größen gleicher Dimension. Dieser Quotient ist
allerdings in den beiden Systemen unterschiedlich

_ J G _ M Am-1 t)Xcgs—
H 0€

XSI—
H Am‘l'

6

Beim Übergang von einem System in das andere muß man den Zähler nach 2.2
und den Nenner nach 2.1 transformieren.

In den Zählern sind Magnetisierungsgrößen zu vergleichen (Gl. 8):

lG(=10e) 2103Am‘1.

In den Nennern hat man es mit Feldgrößen zu tun (Gl. 2):

lOe e 103/47rAm“1.

Der Vergleich ergibt daher:

lOeMagneL 103 A m‘ 1 A m’ 1
_- __ g = n——.lOeFeld (103/47I)Am‘1 Am”1

Hieraus sieht man, daß die Einheit der Suszeptibilität im cgs-System um den
Faktor 47: größer ist als die Einheit im SI-System. Wenn also eine Messung im
cgs-System den Wert 1 ergab, erhält man aus derselben Messung im SI-System
den Wert 47::

Xcgszz1 ä XSI=47L (10)

Wegen der fehlenden Dimension ist es dringend zu empfehlen, bei der
Angabe von Werten der Suszeptibilität das verwendete Einheitensystem zu
vermerken.

2.4. Induzierte Magnetisierung

Die Suszeptibilität ist bei den meisten Gesteinskörpern so klein, daß ihre im
erdmagnetischen Feld induzierte Magnetisierung ohne Berücksichtigung des
Entmagnetisierungsfaktors berechnet werden kann. In emcgs-Einheiten lautet
die entsprechende Beziehung:

{lind} G=X'{H} 0€. (11)
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Da „Gauß“ und „Oerstedt“ in der Dimension übereinstimmen, entstehen bei
dieser Gleichsetzung keine Probleme. In SI-Einheiten kann man für die Magneti-
sierung M entsprechend formulieren:

{Mind} Am“ :X51‘{H} Am‘l- (12)
Diese Gleichung ist zwar ebenso einfach wie die Gleichung (11), doch braucht
man für die Praxis auch die Beziehung zwischen der induzierten Magnetisierung
und der mgnetischen Kraftflußdichte B. Sie lautet offenbar (s. Gl. (1)):

{B}TMin Am-lz ——————.{ d} XSI
{“0} T/A m-

1 (13)

Wenn man den Wert von B in nT aufschreibt, erhält man unter Berücksichti-
gung des Wertes von M0=4n'10—7 T/A m“ 1 —-—47t— 100 nT/A m—1

{Mind} A m“ 1

{B}’nT
47t-100nT/Am‘ 1

wobei {B}’=109. {B}.

= X51 (14)

An dieser Stelle tritt also im SI-System der unvermeidliche Faktor 477: auf.
Wenn man auf mA m‘1 übergeht und dementsprechend für M den 1000-

fachen Zahlenwert aufschreibt ({Mind}’: 103 - {Mind}), hat man

{Mind}l mA m—
1

=Xs1‘(10/47r)‘{B}InT
zXSI-Oß {B}’nT.

Da 10/47r die Größenordnung 1 hat, kann man fur Abschätzungen festhalten:
Man bekommt durch Multiplikation des B-Feldes in nT mit dem SI-Wert der
Suszeptibilität die Größenordnung der induzierten Magnetisierung in mA m“ 1.

Es sei hier vermerkt, daß die Feldstärke von Feldern, die — meist im Labor —
von stromdurchflossenen Spulen erzeugt werden, in Am‘ 1 anzugeben ist. Dies
gilt insbesondere fur die Aufnahme von Hysterese-Schleifen, für die Coerzitiv-
kraft, fur Auf— und Abmagnetisierungsversuche im Gleich— oder Wechselfeld bei
variabler oder konstanter Temperatur u.ä. Auszunehmen hiervon sind selbstver-
ständlich die Felder von Spezialspulen zur Kalibrierung von Geländemagneto-
metern.

Gemäß Gleichung (2) hat man

100e i— (104/47t)Am‘1z0,8 kAm‘1
IOOOe 2 (105/47r)Am’1z8kAm”1. (15)
USW.
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Ohne Herleitung sei hier noch folgendes notiert:
Das Feld im Innern einer langen Spule beträgt

{H} O6=47I°10_3-n-I {H}SIAm‘1=n.Icgs

dabei bedeuten:

I Spulenstrom in A

n Zahl der Windungen pro m Spulenlänge.

Die Helmholtzspule mit dem Radius {r} m und der Windungszahl n in jeder der
beiden Schleifen hat mit dem Spulenstrom {I} A in Zentrum die Feldstärke

{H} Oe :(O,286217 - n/(r 100)) ' n - I {H}SI A m‘1=0,715542°n-1/r.cgs

Der Faktor 100 im Nenner der Formel auf der cgs-Seite kommt daher, daß r
hier in m und nicht — wie sonst üblich — in cm gemessen sein soll. Die Formel
auf der SI-Seite ergibt sich unmittelbar durch Einsetzen von (2) für Oe.

2.5. Der magnetische Dipol

2.5.]. Das Dipolmoment (und die Polstärke). Das Dipolmoment m eines magneti-
sierten Körpers ist proportional dem Drehmoment, das dieser Körper in einem
homogenen äußeren Feld erfahrt. Man faßt es auf als Produkt aus dem
Volumen des Körpers V und seiner in diesem Sinne gemittelten Magnetisierung
J bzw. M

m:{J}-{V}Gcm3 m:{M}.{V}Am2. (16)

Da die Magnetisierungseinheit l G 2103 A m" 1 entspricht. und l cm3 =10“ 6 m3,
gilt für die Einheiten

1Gcm3210‘3AmzzlmAm2. (l7)

Die seltener gebrauchten Einheiten der Polstärke sind

G cm2 und A m.

Dabei gilt wegen 1cm2 210— 4 m2

cm2&10‘1Am. (18)

Das Drehmoment eines Dipols im Feld ist in den Gleichungen (33) und (34)
formuliert.

In den folgenden Abschnitten 2.5.2 und 2.5.3 ist in den SI-Gleichungen von
(21) ab die Dimension von #0 nicht notiert.

2.5.2. Das Feld des Dipols. Das Potential P(H) des H-Feldes eines Dipols m ist
gegeben durch
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P(H)=(m,r)/r3 P(H)=(1/47t)-(m,r)/r3. (19)

Der Faktor 47: tritt hier im SI-System auf, weil er in Gleichung (5) fehlt. Das
Potential des B—Feldes lautet entsprechend

P(B)=(1/47I)-Mo(m‚r)/r3. (20)
Setzt man den Zahlenwert von #0 ein und notiert die Dimensionen, so hat man

{P(B)} T m
_47Z-10—7 T ({m}Am2, {r} m)—

477: Am‘1 {r3} m3 ’

{P(B)} nTm -—- 102({m} A m2, r)/r3.
(21)

Man sieht daraus: Das Potential der magnetischen Indukion, die zu einem
Dipol {m} A m2 gehört, bekommt man in nT m, indem man das innere Produkt
aus Dipolmoment m und Fahrstrahl r zum Aufpunkt, geteilt durch r3 mit dem
Faktor 100 multipliziert. Es ist dies sozusagen derselbe Faktor 100, der uns
schon beim Vergleich der Einheiten der Magnetisierung G und Am‘ 1 begege-
nete (Gl. (8)). Alle daraus abzuleitenden Formeln für die Feldkomponenten
gehen nach dieser einfachen Regel vom cgs-System in das SI-System über:

Feld des Dipols

Auf der Achse, achsenparallele Feldkomponente:

HzZm/r3 {B} nT:100-2{m} AmZ/r3. (22)

Am Äquator, achsenparallele Feldkomponente:

H: —m/r3 {B} nT= —100- {m} AmZ/r3. (23)

Bei der homogen magnetisierten Kugel ist

m-—-(47t/3)-R3-J m:(4n/3).R3-M (24)
R =Radius der Kugel.

Dementsprechend ist das Feld auf der Achse

H 2(87t/3) . (R3/r3) - J {B} nT=(87r/3) 0 (R3/r3)
-100- {M}Am‘1 (25)

und das Feld in der Äquatorebene

H: —(47t/3)-(R3/r3)-J {B} nT= —(4n/3) - (R3/r3)
.100. {M} Am‘ 1. (26)
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2.5.3. Die Felder von zweidimensionalen Körpern. Hier werden als Beispiele die
wohlbekannten Formeln für die Vertikalkomponente Z des Magnetfeldes eines
horizontalen Zylinders und einer dünnen Platte, beide in horizontaler Richtung
unendlich ausgedehnt, aufgeschrieben.
Das Feld des Zylinders:

{Z} r = ZUr/rz) COS (2P - 9) {Z} nT z 200 ' (Mr/T2) 008(21) - 9) (27)

jl, ‚ul: Magnetisches Moment pro Längeneinheit des Zylinders, Komponente
senkrecht zur Zylinderachse in
G cm2 A m

p Winkel des Fahrstrahls vom Zylinder zum Aufpunkt,
.9: Winkel der Magnetisierung, beide gemessen vom Lot,
r: Länge des Fahrstrahls.

Feld der dünnen Platte

{Z} y = —(2 Jb/r) cos (p — ß) {Z} nT = —(2OO Mb/r) cos (p — ß)
(28)

J, M : Magnetisierung der Platte, gemessen in

G A m’ 1,
Mächtigkeit der Platte,
Länge des Fahrstrahls von der Plattenoberkante zum Aufpunkt,
Winkel des Fahrstrahls, gemessen vom Lot,
Winkel zwischen Magnetisierung und Einfallen der Platte.mi

2.5.4. Die Eigenfelder von schwach permeablen Körpern im äußeren Feld. Biswei-
len möchte man in diesen Formeln die Suszeptibilität und das induzierende Feld
Ha bzw. Ba anstelle der Magnetisierung anschreiben. Zur besseren Unterschei-
dung bezeichnet in den folgenden Formeln HK bzw. BK das Eigenfeld des
betrachteten Körpers. Unter Vernachlässigung des Entmagnetisierungsfaktors
hat man dann:

Feld der Kugel auf der feldparallelen Achse

HK=(8n/3) ° (Rs/r3) ' Xcgs ' Ha (29)

Im SI-System muß man für die Ma-
gnetisierung M in Gleichung (25) den
Wert einsetzen, der in Gleichung (14)
formuliert ist

{M} A m’ 1 =XSI/(47I° 100) ' {B} nT‚
.. (14)

und erhalt
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{BK} nT=(87I/3) - (133/73)
'(Xsr' 100)/(47t- 100) - {Ba} nT

{BK} 11T =(8 71/3) ° (R3/r3)
'Xs1/47I - {Ba} nT- (30)

Man hat also — wie nicht anders zu erwarten — nur das H—Feld der Kugel und
das äußere H-Feld durch die magnetische Induktion der Kugel und die äußere
magnetische Induktion zu ersetzen und statt Xcgs 9531/47: zu schreiben.

Die Formeln für die übrigen Körper lauten:

Feld des Zylinders:

ZK:(2x FHg/rZ) cos (zp —9) ZK=(x51/2n> - (F . Bg/rZ)
-cos(2p—8) (31)

x, Xs13 Suszeptibilität des Zylinders
F. Querschnittfläche des Zylinders
p: Winkel des Fahrstrahls von der Zylinderachse zum Aufpunkt
8: Winkel der Feldkomponente H;‚ B; in der Ebene senkrecht zur Zylin-

derachse, gemessen vom Lot.

Feld der dünnen Platte:

ZK=(2X'HZ‚'b/r)‘COS(p—ß) ZK:(XSI'B;'b/(2Tcr))
. cos (p - ß) (32)

b: Mächtigkeit der Platte
‚ß: Winkel zwischen der Richtung des in die Ebene senkrecht zum Streichen der

Platte projizierten äußeren Feldes H2„ B; und dem Einfallen der Platte,
sonstige Symbole wie bei Gleichung (31).

In den Formeln für die Felder von anderen einfachen Körpern ist stets die
Magnetisierung J (in G) durch lOO-M (in Am’l) bzw. die Suszeptibilität x
durch Xsr/47I zu ersetzen.

2.5.5. Das Drehmoment eines Dipols im Feld. Im cgs-System multipliziert man das
H-Feld mit dem Dipolmoment vektoriell und erhält das Drehmoment D

({H} Oe >< {m} ‚c3)= {D} dyn - cm. (33)

Im SI-System hat man das B-Feld mit dem Dipolmoment vektoriell zu multipli-
zieren und erhält das Drehmoment in N . m

{B} T >< {m}SI A m2) = {D}s1 N ° m.
(34)

Man überzeugt sich leicht, daß die Dimensionen im SI-System zusammenpas-
sen. Mit l T: 1 V . sec - m‘2 hat man auf der linken Seite

1V-sec-m‘z-A.m2:W-sec:N-m.sec‘ osec:Nm.
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2.6. Zusammenfassung für die Anwendung

2.6.1. Einheiten. Für die am Anfang genannten Vier Größen sind also im SI-
System in Verbindung mit dem Beschluß der IAGA folgende Einheiten zu
verwenden:

I. Für das Meßergebnis von Geländemessungen: T, nT.
II. Für die Magnetisierung von Gesteinen:

Am‘l, mA m‘l.
III. Für die Größe, die in Probekörpern eine Magnetisierung erzeugt, z.B.

bei Bestimmungen der Suszeptibilität und bei Abmagnetisierungen:

A m" 1.
IVa. Für die Proportionalitätskonstante zwischen III. und der induzierten

Magnetisierung:

1 (dimensionslos).

IVb. Falls man die induzierte Magnetisierung zur magnetischen Induktion
proportional setzen will, ist die betreffende Konstante Xsr/Mo und hat dement—
sprechend die Dimension:

Am“1T‘1.

2.6.2. Umrechnungsfaktoren für die Zahlenwerte beim Übergang vom cgs-System
zum SI. In der folgenden Tabelle sind die Faktoren aufgelistet, mit denen man
die Zahlenwerte, die bei Verwendung der cgs-Einheiten auftreten, multiplizieren
muß, um die Zahlenwerte zu erhalten, die bei den entsprechenden SI-Einheiten
stehen müssen.

Größe, Aus dem erhält man durch den Zahlenwert
Nr. der entsprechenden Zahlenwert Multiplikation bei Verwendung
Gleichung bei Verwendung mit dem Faktor der SI-Einheit

der cgs-Einheit

1 Magnetfeld (2) Oe 103/47: = 79,57747 A m‘ 1

2 Magnetische Induktion G 10‘ 4 T
(3), (4) y l nT

3 Magnetisierung (8) G 103 A m‘ 1
10‘ 2 A m‘ 1

y 10 mA m‘ 1

4 Suszeptibilität (10) G/Oe 47I 212,56637 A m‘ l/(A m’ 1)
5 Magnetisierung hervor- G/G _ 2 _ 1

gerufen durch magnetische y/y } 10 A m /nT

Induküon

6 Magnetisches Dipolmoment G cm3 10‘ 3 A m2
(17)

7 Magnetische Polstärke (18) G cm2 10‘ 1 A m

Bei den Zeilen 3, 4 und 5 ist zu beachten, daß man hier von der magnetischen
Polarisation J im cgs-System zur Magnetisierung M im SI übergeht.
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The Romanian Earthquake of March 4, 1977

I. Rupture Process Inferred From Fault-Plane Solution
and Multiple-Event Analysis"

G. Müller, K.-P. Bonjer, H. Stöckl, and D. Enescu1
Geophysical Institute, University of Karlsruhe,
Hertzstr. 16, D-7500 Karlsruhe, Federal Republic of Germany

1 Center of the Physics of the Earth and Seismology, Com. Magurele,
Platforma Magurele, Bucharest, Sect. 6, Romania

Abstract. The Romanian earthquake of March 4, 1977, was a multiple event,
oonsisting of a foreshock and at least 3 main shocks. A fault-plane solution is
given for the first main shock. It is of thrust type and similar to the solution
for the earthquake of November 10, 1940. The locations of the main shocks
relative to the foreshock are determined by the master-event technique.
Rupture propagated mainly towards SW. The third main shock, which was
the strongest shock of the earthquake, occurred 19 s after and at a horizontal
distance of 62 km from the foreshock. This agrees well with the reported
distribution of intensities and damages and with the aftershock distribution.
P-wave polarities for the third main shock are opposite to those for the first
and second main shock. This can be explained by (1) strong bending of the
rupture surface, (2) reversal of the motions on the rupture plane due to a
strongly inhomogeneous tectonic stress field, or (3) abrupt termination of
rupture producing strong stopping Signals. The third explanation appears
most plausible. The rupture plane dips about NW with a dip angle of 70°,
and the apparent average rupture velocity is close to the S-wave velocity.

Key words: Earthquakes — Fault-plane solutions — Rupture Process.

Introduction

The earthquakes of intermediate depth in the Vrancea region of Romania form
an isolated Cluster of events, similar to the Clusters beneath the Hindukush and
beneath Bucaramanga, Colombia. The distribution of epicenters and depths of
the Vrancea earthquakes has been studied extensively (see, e.g., Karnik, 1969;
and Iosif and Iosif, 1975), and a large number of fault-plane solutions have been
determined (Constantinescu and Enescu, 1964; Constantinescu et al., 1966;
Ritsema, 1969, 1974; Radu, 1974). So far, however, no clear picture of the

* Paper of the Romanian-German Seismological Working Group which was formed after the
earthquake of March 4 and consists of scientists of the above-mentioned institutes and the Institute
of Hydroelectric Studies and Design at Bueharest. Contribution No. 149, Geophysical Institute,
University of Karlsruhe
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Fig. l. Mainka pendulum seismograms from the Romanian stations BUC, CMP, BAC and IAS,
Showing the P-wave arrivals of the foreshock and shock l. A i5 epicentral distance and q; azimuth.
The time scales are different

tectonic causes of these earthquakes has resulted. The current view is that they
are produced by underthrusting motions along a fault zone which dips steeply
abüut WNW. In spite of the small dimensions of the earthquake zone and the
complicated geometry of the Carpathians with their sharp bend in the Vrancea
region simple plate-tectonics concepts have tentatively been used for expla-
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distances. Arrows indicate P phases
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(0=foreshock, 1, 2, 3=shock 1,2, 3)

nation, leading t0 the idea that a slab-like continuation of the Black-Sea plate is
subducted under the Eurasian plate (Roman, 1971; MeKenzie, 1972; Con-
stantinescu et al.‚ 1973; Radu, 1974; Iosif and Iosif, 1975). Further observational
studies are necessary t0 substantiate or change these ideas. Among them
investigations of the strong earthquake of March 4, 1977, will certainly be of
special importance. Such studies can also help t0 estimate the seismic risk in the
rather densely populated area t0 the SW of Vrancea, including Bucharest.

In this paper, we investigate the focal process of the earthquake of March 4,
1977. First we describe the data which show that the earthquake was a multiple
rupture, consisting of a foreshock and at least 3 main shocks. (These main
shocks will be called shock 1, 2 and 3, respectively, in the following.) Then the
fault-plane solution for shock l will be given, and the nature of shock 3 will be
discussed. In a further seetion, the master-event technique is applied t0 locate
the 3 main shocks relative t0 the foreshock. Finally, a description in time and
space of the rupture process is given for the first 20—25 s, including the selection
of the rupture plane from the nodal planes of the fault-plane solution, a
comparison with reports on the distribution of damages and intensities in the
epicentral region, and a comparison with the area of aftershocks of March
1977.
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Data and Identification of Shocks

We have used the following data: (1) Mainka pendulum records on smoked
paper of the Romanian stations BUC (Bucharest), CMP (Campulung), BAC
(Bacau) and IAS (Iasi). Seismogram examples are given in Figure l. They clearly
Show the foreshock and shock l and were used for the relative localisation of
these shocks.

(2) Long-period seismograms from about 60 stations mainly in the World-
wide Network of Standardized Seismographs (WWNSS). They were used für
the fault-plane solution of shock 1 and for the relative localisation of shoeks 2
and 3 with respect t0 shock l. Seismogram examples are shown in Figures 2—4.

(3) Broadband seismograms from the digitally recording station GRF
(Gräfenberg, F.R. Germany). The seismometers of this station are Sprengnether
High Performance 8-5100 with a natüral period of 20 s. Digital Simulation by
recursive filtering produced the broadband seismogram for ground velocity,
corresponding t0 a natura] period of 1008, and the WWNSS record shown in
Figure 5. These seismograms played a key role in the identification of shock 3.

The foreshock and shocks 1 and 2 are easily identified, as the reader can
verify by himself from Figures 1—5 where all stations are shown that have been
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Zentralübservatorium Gräfenberg). Meaning of arrows a5 in Figure 2. Magnified versions of lhe
braodband record also Show the foreshock



|00000220||

208 G. Müller et a1.

Fig. 6. Fault-plane solution for
shock 1. Equal-area projection of
the lower focal hemisphere. Open
(Closed) circles denote first P-wave
motions towards (away from) the
focus of shock 1. The P-wave ve-
locity at the focus is assumed t0 be
8.3 km/s. The compressional axis is
labelled P, the tensional axis T. The
thick lines are the nodal planes. The
symbols x give the directions from

Shock 1 shock 1 t0 the foreshock, shock 2
MARCH 1., 1977 VRANCEA, ROMANIA and ShOCk 3

X Shock 2

used in the multiple-event analysis. The Situation is not that obvious with shock
3. At first the corresponding arrival in the broadband record of GRF (upper
trace in Fig. 5) was interpreted as a reflection from the earth’s surface of the type
PP or pP because of its opposite sign, compared with the arrivals due t0 shocks
1 and 2. This interpretation, h0wever, had t0 be abandoned since for a focal
depth of about 100 km PP and pP are observed only close t0 and beyond the
epicentral distance 18o where the cusp of their traveltime curves is located. At
GRF (distance 11.20) one would at most expect a diffracted phase as a backward
continuation of PP and pP with corresponding weak amplitudes and emergent
onset; both is in disagreement with the observation. Another argument is that in
the case of a surface reflection (or a reflection from an interface inside the earth
such as the Moho) a second pulse of about the same amplitude and p01arity,
corresponding t0 shock 2, should be Observed; however, such a pulse is not seen.
The interpretation of arrival 3 at GRF as the surface reflection sP has t0 be
rejected because sP would arrive 10 t0 15 s later. The only remaining hypothesis
is that of a third main shock, much strenger than shocks 1 and 2 and producing
P waves of opposite polarity. If this hypothesis is correct, this shock should also
be Visible at other stations. Since these are WWNSS stations, we used the
WWNSS Simulation of GRF in order t0 find the characteristics of the beginning
of this shock in WWNSS records. They are (see Fig. 5) a Clear change in slope
with a strong excursion afterwards whose direction is opposite t0 that of shock
1. With these guidelines it was possible t0 find the beginning of shock 3 at a
number of stations which is sufficient for application of the master-event
technique. At other stations only the strong excursion is Visible, but its onset
cannot be determined (see, e.g., the seismogram for PRE in Fig. 3).
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The P-wavegroup in the broadband record of GRF in Figure 5 eontains
some more peaks after the peak of shock 3. They could correspond to further
shocks or represent multiple reflections from shocks 1-—3 which begin to build up
the leaking mode PL in the waveguide, formed by the crust and the lower
lithosphere. Thus, our investigation possibly eovers only part of the timespan
during which rupturing took place. We are, however, sure that it ineludes the
strongest shock of the earthquake, namely shock 3.

Fault-Plane Solution of Shock l

The fault-plane solution of shock 1 is given in Figure 6. Its nodal planes could
be determined from the polarity distribution of P waves alone. The nodal plane
which dips steeply towards NW is very well determined sinee it runs through
North and Middle America where the station density is high. The other nodal
plane can also be shifted only very little because of the 3 compressions close to it
(stations ATU, JER and TAB). The parameters of the fault-plane solution are:

Azimuth Dip angle
(deg) (deg)

Pole of first nodal plane 130 20
Pole of second nodal plane 287 68
P-axis 303 23
T-axis 144 65

This solution represents essentially a thrust-type mechanism, in agreement with
the mechanisms of other earthquakes of intermediate depth in the Vraneea zone.
The similarity with the fault-plane solution of the strong earthquake of Novem-
ber 10, 1940, is remarkable (Constantinescu and Enescu, 1964, Table 1). From
the multiple-event analysis, given in a later section, we identify the first nodal
plane as rupture plane. In this case the slip vector of the underthrusting block
has an azimuth of 287° and a dip angle of 68°.

Nature of Shock 3

P-wave polarity diagrams for shocks 2 and 3 are given in Figure 7. Whereas the
polarities of shock 2 agree with those of shock 1, those of shock 3 are reversed.
There are 3 different explanations of this reversal: (1) The rupture surface bent
abruptly at the origin time of shock 3 and was roughly horizontal afterwards.
Motions below this part of the rupture surface were from SE towards NW.
However, no indication for such a bending is found in the aftershoek
distribution.
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Shock 2 Shock 3
Fig. 7. P-wave polarity distributions for shocks 2 and 3. Open and Closed circles have the same
meaning as in Figure 6. The dashed lines are the nodal planes of the fault-plane solution of shock 1.
In the diagram for shock 3, only those stations are included where the onset of the corresponding P-
wave is Visible

(2) The rupture surface remained essentially plane, but the motions on it
reversed sign, i.e.‚ after the origin time of shock 3 they were upwards on the SE
block of the rupture plane as opposed to downwards before. The cause of such a
reversal would have been a strongly inhomogeneous stress field in the focal
region prior to the earthquake. However, we can offer no idea about the spatial
character of the stress inhomogeneity and its generation.

(3) Shock 3 was the abrupt termination of rupture, produoing a strong
stopping signal. Stöckl (1977) has shown by numerical calculations for idealized
stress-relaxation earthquake models that stopping signals can be as strong as
and even stronger than the phases from the initiation of rupture. Furthermore,
from the ground-velocity seismogram of GRF in Figure 5 we can approximately
derive the acceleration close to the foci of the 3 shocks by applying the rule
(which is strictly correct for point sources) that a field quantity in the far field is
proportional to the time derivative of the same quantity in the near field. Thus,
the near-field acceleration is approximately proportional to the far-field ground
velocity, and the initial parts of the broadband record of GRF give a rough idea
of the accelerations in the source region. We derive 2 acceleration pulses,
corresponding to shocks 1 and 2, followed by a strong pulse of opposite sign
which corresponds to shock 3. A plausible cause of this deceleration is abrupt
termination of rupture or at least of its main part.

The first 2 models require more extreme assumptions than the third model.
Even more important, they imply that the main shocks were eomplete and
separate events for which only the starting signals can be seen, at least in the
case of shocks 1 and 2. However, it seems more plausible to consider the 3
shocks as prominent episodes during one and the same rupture process. There-
fore, we prefer the third explanation of shock 3.
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North

Fig. 8. Sketch of 2 foci, A and B, whose relative location P. rays to
and origin-time difference are determined by the master- d'Stänt
event technique Down Station

Multiple-Event Analysis

The master-event technique has been applied for localisation of the 3 main
shocks relative t0 the foreshock. For the latter we have taken the coordinates
determined by the Centre Säismologique Europeo-Mediterraneen (CSEM) soon
after the earthquake, assuming that the P-wave recordings reported correspond
t0 the foreshock:

Latitude = 45.78 N Longitude = 26.78 E Depth = 93 km.

A later determination by CSEM with stations at distances less than 11o and our
own determinations show that the epicentral coordinates are probably correct
within 10—20 km, but that the depth can extend t0 almost 120 km. A depth of
110km is suggested by a pP— P time of 27s at OGD (distance 686°), but only
under the unproven assumption that pP is due t0 the foreshock and not due t0
shock 1. Thus, with current knowledge the foreshock depth ean be anywhere
between 90 and 120km. Several tests showed that the remaining uneertainties in
the foreshock coordinates have only very little influenee on the results of the
multiple-event analysis. If the foreshock is moved, the 3 main shocks practically
move in the same way.

The master-event technique (see Fig. 8) assumes a reference focus A and a
second focus B at the distance L from A. The time difference between the P-
wave arrivals from these foci at a sufficiently distant station is

L
T=t—&—cost9, (1)

Where r is the difference in origin time of the 2 shocks, oc the P-wave velocity in
the focal region (in the present case 8.3 km/s), and 9 the angle between the
direction from A to B and the direction of the P-wave rays. Equation (1) is a
linear relation between T and e089 whose coefficients ”C and L/oc can be
determined from Observations at N stations by the method of least squares. The
quality of the linear approximation is best judged from the residual

1
N . 1/2„km—war] ‚

i=1
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Fig. 93—11. Plots of residual R (normalized t0 maximum value 100), superposed on the fault-plane
solution of shock l, für a the foreshock, b shock 2, c shock 3 (including station TRN), and d shock
3 {without TRN). The most probable direction from shock 1 t0 the respective shock corresponds t0
the minimum of R. The shaded areas, defined by R nmm, are subjective estimates of the
untertainties in these directions. In the Gase of c the area extends t0 the upper focal hemisphere and
i5 projected on the Iower hemisphere through the Gentel-

where '13” his the observed time difference at the i-th station and '12“) the time
difference computed according t0 (1). R is determined as a function of the
direction from A t0 B, and the direction with minimum value of R is chosen a5
the true direction. Plotting R on the focal sphere of shock A allows t0 assess
qualitatively how well this direction is determined. (Actually, a hemisphere is
sufficient because of the symmetry properties of R.) From the coefficients of the
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Fig. IOa—d. Time difference Tversus cos 9 for the pairs a foreshock — shock 1, b shock 1 — shock 2,
c shock l—shock 3 (including station TRN), and d shock l—shock 3 (without TRN). Dots are
observed time differences and the straight lines least-squares approximations for the Optimum
orientation of the 2 shocks with respect t0 each other. r is origin-time difference, L distance between
the 2 shocks, and L/T apparent average rupture velocity
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least-squares straight line (1) at the minimum of R the time difference r and the
distance L of the 2 shocks follow.

The results of the master-event technique, applied t0 the pairs foreshock
—shock 1, shock 1 —shock 2 and shock l—shock 3, are shown in Figure 9 (plots
of R on the lower focal hemisphere of shock 1), Figure 10 (diagrams for T versus
cos 8), Table 1 (coordinates of foreshock and main shocks) and Figure 12
(epicenter map). Some details of the derivation and a discussion of these results
are given in the following.

A first attempt t0 locate shock 1 relative t0 the foreshock was made with all
stations where the foreshock could be identified. Besides the 4 Romanian
stations BUC, CMP, BAC and IAS, whose seismograms are shown in Figure 1,
7 more stations were used, giving a rather good coverage of azimuths.
However, the data came from 4 different types of instruments: (mechanical)
Mainka pendulums, short and long-period WWNSS instruments, and a broad-
band seismograph. This heterogeneity and the difficulties in reading the time
differences from the long-period WWNSS records probably are the reason why
n0 meaningful result was obtained: the Optimum solution had a minimum value
of R which was 95 % of the maximum. We therefore had t0 restrict the data set
and did this by taking only the 4 Romanian stations with identical instruments
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Table 1. Coordinates of the foreshock and the main shocks of the Romanian earthquake of March 4,
1977 (foreshock coordinates according to CSEM)

Event Latitude Longitude Depth Origin time Time difference
(deg) (deg) (km) (GMT) with respect to

foreshock (s)

Foreshock 45.78 26.78 93 19:21 :56.2 0
Shock 1 45.72 26.94 79 l9:22:00.9 4.7
Shock 2 45.48 26.78 93 192222085 12.3
Shock 3 45.34 26.30 109 19:22:15.4 19.2

80
Shock 1 - shock 3

[3 = 4.7 km/sec

70

Fig. ll. Uncertainties in L and ’L’
for the pair shock l—shock 3,
corresponding t0 the assumed
uncertainties in the direction
from shock 1 to shock 3 (shaded
areas in Fig. 9C and d). Crosses
correspond t0 the most probable
directions. Along the straight
lines the ratio of apparent
average rupture velocity, c=L/r,
and S-wave velocity, ‚ß, is
constant

60
L
(km)

. TRN50
included

which recorded the foreshock and shock 1 very clearly (Fig. 1). Time differences
could be read with an accuracy of about i0.2 s. In the case of 4 stations an
exact solution is obtained, i.e., the minimum value of R vanishes (Fig. 9a) and
the T versus 0039 relation is exactly linear (Fig. 10a). The time differenee of
shock 1 and the foreshock is 4.7 s and the distance between them 19.4 km.

We mention in passing that the distance between the 2 shocks is sufficiently
small, eompared with the slant distances t0 the stations (130—200 km), such that
the basic assumptions of the master-event technique are not yet Violated.
Furthermore, the results are influenced only very little by Changing the upper-
mantle P-wave velocity from our preferred value 8.3 km/s t0 8.1 km/s, a value
which is more compatible with the Herrin traveltime tables.

As Figure 9b ShOWS, the minimum of R is rather broad for shock 2, and
hence the direction from shock 1 t0 shock 2 is not as well determined as, for
example, the direction t0 the foreshock. The time difference between shock 1
and shock 2 is 7.6s and the distanee 33.4 km.

For shock 3 we have 2 solutions, one with the station TRN (Trinidad)
included in the analysis and one without this station (Figs. 9 and 10, c and d). In
the first ease, the arrival labelled 3 in the seismogram of TRN (Fig. 4) is



|00000227||

Rupture Process of Romanian Earthquake 215

interpreted as being due t0 shock 3. In the second case we assume that it is due
t0 a later shock and that the P-wave from shock 3 arrives somewhere along the
preceding steep pulse flank, similar as in all other seismograms used for shock 3,
but without Visible onset. We prefer the second interpretation which gives a very
well determined direction t0 shock 3. The corresponding time difference between
shock 1 and shock 3 is 14.53 and the distance 72.1 km. Rough estimates of the
uncertainties of these quantities can be taken from Figure 11. For this figure we
have considered all those directions from shock 1 t0 shock 3 for which R g 2Rmin
(shaded areas in Fig. 9c and d). The representation chosen is similar t0 the one
used by Strelitz (1975).

Rupture Process

From the distribution of the epicenters of foreshock and main shocks in
Figure 12 we derive as main feature of the rupture process the propagation from
the region of the foreshock and shock 1 towards SW, leading to the severest
shock 19s after and at a horizontal distance of 62 km from the foreshock. This
result is in good agreement with the fact that the zone of greatest intensities and
damages extended t0 the SW of the Vrancea region, with only little damages t0
the NE. This fact had puzzled seismologists soon after the earthquake, since it
differs in this respect from the earthquake of November 10, 1940.

As another result, Figure 12 ShOWS that the rupture zone and the area,
covered by the epicenters of located aftershocks, partly overlap. Most after-
shocks in the region of overlap have similar depths as foreshock and main
shocks. The aftershocks south and southeast of the rupture zone are shallower.

The rupture plane of the earthquake can be selected between the nodal
planes of the fault-plane solution of shock 1 by comparison with the directions
t0 the foreshock and shocks 2 and 3 (Fig. 6). Shock 3 whose direction is most
accurate is located very close and the foreshock rather close t0 the steeply
dipping (first) nodal plane. Shock 2 which is least well determined is located
halfways in between the 2 nodal planes. Taken together, these results point t0
the first nodal plane as the rupture plane.

From the fault-plane solution and the results of the multiple-event analysis
we arrive at the following more detailed description in time and space of the
rupture process during the first 20—25 s of the earthquake. Rupture started at the
focus of the foreshock at a depth of 93 km and in an initial weak phase spread
mainly E and S with an apparent average rupture velocity of 4.12 km/s. Rupture
propagated uphill along the rupture plane towards ESE, and after 4.7s it
reached the focus of shock 1 at a depth of 79 km. In the neighborhood of this
focus the motions on the rupture plane were strongly accelerated, leading t0
efficient radiation of seismic waves. We consider this focus as the starting point
of the main phase of rupture; hence, the origin-time differences and rupture
velocities for shocks 2 and 3, as given in the following, refer t0 this point. From
shock 1 the rupture propagated towards SW and obliquely downhill along the
rupture plane, the motions being of underthrust type. The focus of shock 2 at a
depth of 93 km was reached after 7.68, corresponding t0 an apparent average
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Fig. 12; Epicenter map of foreshock (F), main shocks (S 1, S2, S 3) and aftershocks during March 1977
(dots). Numbers are focal depths in km. The dashed 1ine separates aftershocks with depths greater
than 70 km from shallower aftershocks (depths less than 40 km). There were a few shallow
aftershocks within the dashed line, but they could not be located reliably

Fig. l3. Apparent average rupture velocities (in km/s)
between the foreshock (F) and the main shocks (S 1, S2,
S 3). Solid arrows correspond to a rupture model in
which Sl is triggered by E and 52 and S3 by Sl.
Dashed arrows illustrate a model in which all main
shocks are triggered by F. The rupture velocites in
brackets are for the second solution of the master-
event technique for shock 3 (Figs. 9c and 10c). The
figure is not drawn t0 scale

rupture velocity of 4.40 km/s. Close t0 this foeus the underthrusting motions
were accelerated again. The focus of shock 3 at the depth 109 km was reached
after 14.5s which means an apparent average rupture velocity of 4.98 km/s. In
the region of this point rupture stopped quite abruptly, and the moving rock
masses were strongly deeelerated. Again, this was connected with effieient
radiation of seismic waves. The distribution of the epicenters of foreshock and
main shocks in Figure 12 indicates that rupture propagation was essentially
unilateral. Whether rupture continued on parts of the rupture plane after shock
3, could not be resolved.
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Figure 13 shows the apparent average rupture velocities on a schematic view
of the rupture plane from NW. The rupture model just described is represented
by solid arrows. The apparent average rupture velocities are close to, in one case
even larger than the S-wave velocity which in the focal zone is probably between
4.5 and 4.8 km/s. An alternative model, in which the foreshock triggers not only
shock 1 but also shock 2 and shock 3, is indicated by dashed arrows. The
corresponding apparent average rupture velocities are lower than those for our
preferred model. The uncertainties in L and r normally imply relatively large
uncertainties in the apparent average rupture velocity L/I'. Even for our best
value, 4.98 km/s, the interval is from about 4.5 to 5.2 km/s, according to our
subjective estimates (Fig. 11, shaded area labelled “without TRN”).

Conclusions

The Romanian earthquake of March 4, 1977, was a multiple event with
gradually increasing energy release which culminated 19 s after the first rupture.
Similar results have been reported in a few other cases (e.g. Wyss and Brune,
1967; Wu and Kanamori, 1973; Fukao and Furumoto, 1975; Chung and
Kanamori, 1976; Furumoto, 1977), but they may actually be more common.
Corresponding studies are greatly facilitated by broadband seismographs, as the
seismogram examples for the station GRF in Figure 5 show.

Broadband data for other earthquakes probably will show whether our
observation of a pronounced stopping phase is Singular or not. The prevailing
assumption that stopping phases are rarely seen may be biased by the lack in
resolving power of currently used instruments such as WWNSS seismographs.

The cause of the abrupt termination of rupture is either a significant increase
in strength of the rocks, such that they could not be broken, or a stress
inhomogeneity. In both cases stresses have been left over after the earthquake
close to the focus of shock 3. This may be signifioant for the future development
of seismicity in Vrancea, especially if detailed intensity studies should confirm
the first impression, that the rupture zone of the 1977 earthquake has moved
towards SW with respect to the rupture zone of the 1940 earthquake.

Finally, our study confirms present assumptions about the stress field and
the tectonically active fault system in the Vrancea zone. Therefore, it seems
possible to apply plate—tectonics concepts to this region, but different tectonic
models might explain these observations as well. The spatial distribution of
aftershocks may give additional information on the tectonically significant
structures. Detailed description of the recording of aftershocks with a network of
fixed and mobile stations, their localisation and distribution will be given in a
separate paper.
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Interpretation of Wide—Angle Reflection Travel—Times
in Realistic Crust-Mantle Structures

D. Bamford
Department of Geophysics, University of Edinburgh, James Clerk Maxwell Building,
Mayfield Road, Edinburgh EH9 3JZ, Great Britain

Abstract. A method for the interpretation of wide-angle reflection travel-times
in laterally varying crust-mantle structures is formulated. A datum correction is
first carried out by ray-tracing t0 remove the effects of refraction above the
reflector. The resulting time-distance data may be then expressed in a form
which permits, given multiple coverage of the sub-surface, the independent
determination of velocity and reflector topography.

The method has been tested on model data and found t0 be effective.

Key words: Explosion seismology — Wide-angle reflections — Lateral
variations.

l. Introduction

Wide-angle reflections (WAR) from intra- and sub-crustal horizons are now
routinely observed in high-resolution explosion seismic studies. The review of such
studies in central Europe, edited by Giese, Stein and Prodehl (1976), contains
many excellent examples and indeed, in this author’s experience (Bamford et al.,
1976; Bamford, 1973, 1977), wide-angle reflections from the Moho (PM P) are
observed more consistently than the corresponding head—wave (13,).

It is unfortunate therefore that the problem of the interpretation of WAR
travel-times in realistic, that is laterally varying, structures has received relatively
little attention. Apart from the various techniques used by Russian workers (e.g.
Pavlenkova, 1973) and trial-and-error approaches based on ray-tracing (Öerveny et
al.‚ 1974; Clee et al., 1974), few methods are available, certainly nothing t0 compare
with the time-term approach for the interpretation of refraction travel-times
(Willmore and Bancroft, 1960; Bamford, 1971, 1973, 1976, 1977). In this paper I
suggest a comparable technique for the interpretation of WAR travel-times.

2. WAR Time-Distance Relationships

WAR time-distance relationships become rather complex in realistic structures.
The well known T2 — X 2 relationship for reflections is strictly applicable only in the
case of a single plane horizontal reflector with uniform velocity above. In a multi—
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layer Situation, refraction effects cause the T2 — X 2 relationship to be approximate—
ly true only close to normal incidence. Towards eritieal and larger angles, the time-
distance relationships for a multi-plane-horizontal-layer structure can be derived
as follows (Brown, 1969; Robinson, 1970):

The subsurface is specified by n homogeneous layers (numbered 1 to n from the
surface), the ith layer having velocity vi and thickness zi. A ray leaves the surface at
an angle 91 to the vertical‚ traverses the n layers, is reflected at the bottom of the nth
layer and re-traverses the n layers, eventually emerging at the surface at a distance
X (n, 61) from its starting point, where

X(n‚91)=2sin01 Z zivi/Si‚ (1)
' 1l:

with a travel-time of T(n, 91) where
n

T(n,91)=2012 Zi/(vi 51'): (2)
l= 1

where

Si:[v:1z —(Ui5in 902]?

From ( 1) and (2), Tand X are related by a series expansion, the first three terms of
which are

T(r0‚ X) 2 10 [1 +%(X/ro 1/172)2 —%(v4/v22)(X/ro 1/272)4 + etc.]. (3)
The mth power of velocity is a function of T0(ET(n‚O), the two-way normal
incidence reflection time) given by

12mm) =(2/v:o> _Z v?“ (4)
the 7:0 notation having been omitted in (3) for simplieity.

In the simple TZ—X2 relationship, the term eontaining the velocity infor-
mation (X2/v2) is independent from the 1(2) term and hence 1/v2 and 1(2) can be
estimated independently from a T2 —X2 plot. In contrast, the coefficients of the
series expansion for the simplest multi-layer case involve complex velocity/layer
thickness relationships ((3) and (4)). If variable dip on interfaces and inhomogeneity
within layers is considered, ray-path equations analogous to (1) and (2) can be
generated but any resulting T—X expansion would certainly not be suitable for
independent determination of velocity and layer thickness.

In summary, the effeets of refraction in a realistic multi-layer Situation can be
dealt with by ray-tracing (Öerveny et al.‚ 1974). However these effects frustrate
attempts to partition surface-to-surface WAR travel-times for the independent
determination of velocities and depths as may be achieved in the simple T2 —X2
case.

This problem can be overcome by correcting the surface-to-surface times to a
horizontal datum within the layer immediately above the reflector. TZ—X2
methods can then be applied to the datum-datum travel-times. In practice this
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Fig.2a and b. Reflecting element
R in reflector of variable
topography (a), and
corresponding plane-dipping
layer Situation (b)

ar

involves having reliable information on structures above the datum and a
preliminary idea of those below it. A particular surface-to-surface reflection may
then be ray-traeed through the model so as to obtain the surface-datum and datum—
surface travel-times, and the horizontal offset along the datum. Thus (Fig. 1) a
reflection at R with surface-to-surface travel-time TSG has a datum—datum travel—
time T, given by

Tr:TSG_td_tu

where td and tu are the surface-datum and datum-surface travel-times respectively.
The horizontal offset along the datum is Xdu and the problem has been reduced to
that of defining the relationship between T, and Xdu in the case of a single reflector
of variable topography.

In Figure 2a, a small reflecting element R with dip 0c, forms part of a reflector of
variable topography, with uniform veloeity V above. Refleetion travel-times from
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R depend only on R —reflector topography elsewhere has no effect—and so only
the equivalent plane—dipping layer (Fig. 2b), for which time-distance relationships
are available (e.g. Heiland, 1940, p. 262), need be considered.

The up-dip travel-time TA between A and GA is given by

VzTAZ=Xj+4hj—4hAXAsinocr. (5)

If the normal from R cuts AGA at R’ (h, = R’R), then for small dips, AR’ : XA /2 and

XA=hhA ‚+
2

Sln oc,

and, inserting this into (5), eventually

T2 24h? X3; €032 oc,
A V2 V2

'

Likewise, the down-dip travel-time TB from B to GB is given by

V2 TB2 = Xä +4h123 +4hB XB sin (1„

hB=hr—%sin 0c,

and

_4h,2 Xä cos2 oc,— V2 T'TB2

Thus, for small dips, the datum-datum travel-times for a reflection from R are
independent of the dip direction and take the form

2 2

T2212+Xd“cos
oc,‚ ‚ V2 (6)

‚ 2h . . . .w1th Ir=7', the normal meldence reflectlon t1me.

For the k‘h datum-datum observation from R, (6) may be re-written as

2 2e cos oc,

After ray-tracing to determine the datum-datum T—X data the oc, appropriate to
the reflection point may be estimated from the starting model and used to form

Drk =e cos oc,

leaving Trk and Drk related by
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In this equation, the terms involving reflector topography are separated from those
involving velocity and several analytical approaches are possible for their
independent determination.

However, before considering these various approaches, it is necessary to
consider the signifioance of the assumption of small dip. It is assumed that

AR’=R’ G142???

whereas in fact

R’= hrsiniA and R’GA: hrsiniACOS(lA + ocr) COS(lA — ocr)

AR’ cos(iA — ocr)‚e. R’ GA
—

cos(iA + oc‚)
very much greater than the dip angle (ocr), a condition that Will often be fulfilled by
wide-angle reflections. If the ratio AR’/R’GA does depart significantly from one,
additional second-order corrections must be made to the D‚k values to compensate.
This ratio can be examined and, if necessary, the appropriate corrections calculated
during the ray-tracing stage. Thus, although the models to be discussed later
contain only shallow dips and do not require these second-order corrections to be
made, the assumption of small dip is not in fact necessary for the following
analytical approaches to be applicable.

i ‚ a ratio Which tends to one when the angle of incidence (iA) is

3. Travel-Time Analysis

The degree of multi-fold coverage necessary for the application of a separate
velocity determination for every common reflection point is rarely available in
crust/mantle studies. Hence accurate velocity determinations will be possible only
if observations from several reflection points are combined. In practice the
common reflection elements for the datum-datum reflections will be apparent only
after ray-tracing and the method of combining them will depend on the degree of
coverage available.

(a) Pairs of Observations

If two observations are available at each reflecting element, then the corresponding
time-distance relationships are

D31
‚1:3 213+

V2
’

DEZ
Z22:Tr2+

1/2
'

By subtraction

1
(D31 _Drzz) =——AD;‚°‘

1ATf—zm—Tff— V2V2
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and thus a plot of ATr2 against AD‚2 for all available reflection elements yields a
1

straight line of slope
V5.

By addition

2 1 2 2 1 2 2
Tr Z5 Tr1+Trz—?/‘2’(Dr1+Dr2)

for each reflector element.
Some parallels with the “plus-minus” refraction interpretation method (Ha-

gedoorn, 1959) will be recognized.

(b) Multiple Observations

If the r‘h reflector element has N (r) reflections associated with it (N (r) _2_ 2) and there
are M such elements, the family of theoretical time—distance equations is
summarized by

t3„=rE+—”i (7)

. 1
where r = 1, ----‚ M (and n : 1, ----‚ N (r) for any r). Estlmates of—2 and every 1,2 result

V
from forming from the observations Tm and Dm the sum of squared residuals I,
where

M N(r)I = Z Z (xi—W,
r=1 n=1

and reducing I t0 a minimum by setting

öI 51
=0 d ———:0 zl,---—‚M.

1
an

6(13)
(r )

‘56?)
This gives

1
TEZAr_—I}—2Br

1

where ‚ r:1‚--——‚ M
1

Ni)
2

1 N(r)
2

Ar:— in and Br:— DrnN(r)„=1 N(r) „ä
and

M N(r)

2 2(Drzn-Bm)2
r=1n=1

VZ: M N(r)

Z Z (Tä— Arn)l(D3n —Brn)
r=1‚ n=1

and also allows simple estimation of uncertainties.
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The above formulation is similar to that in the time-term approaoh and a
further parallel is that just as refractor velocity can be allowed to vary in that
method (e.g. with direction; Bamford, 1973, 1976, 1977), the velocity in Equation (7)
need not be uniform. Thus a small vertical velocity gradient above the reflector
oould be represented by

V2
:

V02 + k Dfn (kDEn < V02)

leading to
D2 kt2 212+ r"——D4.rn r
V02 V04

rn

(c) Resume’

Problems of surface-to-surface WAR travel—time interpretation can be reduced to
T2 ——D2 space by ray-tracing and correction to a datum. The degree of reflection
coverage then controls the way in which both the velocity below the datum and the
reflector topography can be independently determined.

This is an Iterative Process. The initial guess at structure below the datum can, after
the first solution, be replaced by computed values, the iteration then continuing
until a stable structure is achieved.

4. Model Studies

The approach described in 2. and 3. above has been tested on both model and real
data. The interpretation of data from the 1974 LISPB seismic experiment
(Bamford et al., 1976) will be presented elsewhere. Here the results of tests carried
out on the model Situation shown in Figure3 are considered.

The crust—mantle model (Fig. 3a) incorporates a fault-bounded sedimentary
basin underlain by a regionally uplifted intra—crustal interface and Moho. In the
observation scheme (Fig. 3b) stations are placed every 2% kms along the 220 kms
long recording profile, for the shotpoints shown. Theoretical Moho refleotion
(PM P) travel-times computed by raytracing for observations in the distance range
80 to 220 kms are made more realistic by the introduction of random errors drawn
from a population with zero mean, 0.1 secs standard deviation.

The sub-surface coverage offered by this observation scheme (Fig. 3b) varies
from two-to five-fold, permitting both analytic approaches (3. above) to be tested.
Common reflecting elements average approximately 1km in length.

(a) Observation Pairs

Three of the several suitable groupings are oonsidered here. These are (Fig. 3b)

pair E, shots E 1 and E2 (180/230 kms),
pair C, shots C1 and C2 (230/270 kms),

and pair W, shots W1 and W2 (270/320 kms),
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Fig. 3. a Mode] crust-mantle structure (velocities in km/s), and b hypothetical observation scheme and
sub-surface coverage for Moho reflections. KE Y: 0 shotpoint; recording profile (stations every
2% kms); —E—2—> Sub-surface coverage for each shotpoint

the figures in brackets indicating the horizontal position in the model of the
corresponding sub—surface coverage.

The datum is at 20 kms depth. The structure above is assumed t0 be known
exactly, the velocity ofthe layer immediately above Moho is assumed t0 be 6.5 km/s
throughout (as compared t0 the actual increase from 6.5 t0 6.6 km/s with depth) and
t0 start the iteration Moho depth is assumed t0 be 30 kms everywhere:thus in the
first iteration the dip is assumed t0 be zero.

After ray-tracing and datum correcti0n‚ the following velocities result

pair E 6.63 i005 km/s,

pair C 6.58 i002 km/s,

pair W 6.65 10.06 km/s.

The estimate for pair C is close t0 the actual root-mean-square value of 6.57 km/s
for wide-angle reflections through the structure whereas those for pairs E and Ware
slightly too high. This demonstrates an important point. Equation (6)

2 2

TZ- 2 Xducos 0c,
r -Tr+—V2——
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Fig. 4. Depths computed after third iteration of pairs analysis; in comparison with starting and actual
models. Oceasionally, a zero (or even negative) datum-corrected travel-time may result if the
corresponding (introduced) random error happens t0 have a relatively large value. A zero (or negative)
depth may then be computed — for convenience, all such values are shown as lying at the datum depth

is independent of the dip direction, and hence it seems unimportant Whether the
observation pairs consist oftwo up-dip, two down-dip or one up-dip and one down-
dip observations. However, if the dip estimate in the model is in error then
D‚(=Xd„ cos ocr) will be also. If both observations are made with increasing dis-
tance up-dip (pairs E and W) then, for both, the error in D, increases .as the depth
(i.e. Tr) decreases and the velocity will be overestimated. On the other hand, if
distance increases up-dip for one observation and down-dip for the other (pair C),
then the error in Dr increases as I, decreases in one direction but as t, increases in
the other. The net result will be a balance and a correct velocity calculation. This
effect is likely t0 disappear the closer the actual model is approached and thus
after the 3rd iteration, these velocities result

pair E 6.60 i004 km/s,

pair C 6.59 i0.03 km/s,

pair W 6.60 i007 km/s

with the depths shown in Figure 4.
Clearly the computed reflector position has moved considerably from the

starting assumption towards the actual position. However, there is considerable
scatter on the depths and the velocity uncertainty is rather large, and this is
common t0 all other observation pairs considered (e. g. E 0 and E 1, E 1 and C2). The
problem is that the eombination of only observation pairs does not take full
advantage of the statistical improvements actually offered by the multiple coverage
available. One important consequence of this is that progress towards a final model
tends t0 be slow, and thus three more iterations were required before the structure
stabilized correctly.
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Fig. 5. Depths computed after simultaneous analysis of all data; in comparison with actual model

(b) Multiple Observations

The analytical approach defined for multiple observations allows the simultaneous
use of all available travel-times (Fig. 3b). To facilitate comparisons with the
analysis of observation pairs, the same starting model was used as for the 3rd
iteration in the pairs analysis.

The uniform and increasing velocity options can be compared Via their solution
variances. In addition, any travel-time that generates an excessive residual (larger
than three standard deviations) may be regarded as systematically inconsistent and
removed. The resulting “clean” data give variances of 3.24 (secz)2 and 3.25 (SCC2)2
for the uniform and inoreasing velocity cases respectively. Thus, in the presence of
introduced errors (0.1 secs. standard deviation), the slight velocity gradient above
the Moho cannot be detected and the uniform velocity estimate of 6.58 i091 km/s
is preferred. The resulting depth profile is shown in Figure 5; the original reflector
topography has been recovered. In comparison with the analysis of pairs, this
approach is rather more effeotive, only one iteration being required and this
resulting in a better velocity estimate and less scatter of depths (Figs. 4, 5).

5. Error Propagation

A particular problem with this method is that it concentrates any error that arises
anywhere on the whole travel-path into the final set of data, the datum-datum time-
distance values. Thus in the foregoing model studies the measurement errors built
into the travel-times eventually ShOW up in the final stage of modelling, for example
as scatter in the Moho depth estimates (Fig. 5).

In real problems, there will be two main sources of such errors:

(i) Travel-time measurement errors. Even relatively modest errors (O.lsecs
standard deviation) can induce considerable scatter into the final model (Fig. 5) and
so a great effort must be put into obtaining accurate initial travel-time measure-
ments for these secondary arrivals.
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(ii) Errors due to inaccuracies in the starting model. It has been found in tests
that errors in the starting model below datum are not especially serious—they
simply slow down the iterative process. However, errors in the model above datum
will always generate similar errors in the final model below datum. In particular,
systematic inaccuracies above datum will tend to skew deeper results. Further tests
ShOW that the normal random unoertainties in the velocities and depths computed
in seismic studies (a few per cent) are acceptable limits for the starting model.

Other sources of error relate mainly to a failure of the assumptions of the
method. In fact, there are few such assumptions. The assumption of small dip for
example is one that leads to partioularly simple arithmetic but it is not a necessary
one. The same is true for the assumption of uniform velocity; velocity anisotropy,
for example, believed to be present in the lower crust/upper mantle (Bamford, 1977)
can be introduced Via extra terms in Equation (6).

6. Conclusion

Model studies, and experience with real data, indicate that given multicoverage of
the reflector of interest and reliable knowledge ofstructure above it, the approaches
described can be used to interpret surface-to-surfaoe WAR travel-times in laterally
varying structures. Of the two approaches for the analysis of datum-datum times,
the analysis of observation pairs with common reflection points is the simplest to
carry out but the simultaneous analysis of all multi-coverage data is ultimately the
most effective. A rational interpretation proeedure for real problems is to begin
with an approximation to the reflector topography (e.g. from refraetion inter-
pretation), iterate quickly through several pairs analyses so as to move reasonably
close to the actual structure and then carry out one or two simultaneous solu-
tions for final models.

Finally, although the concept of reversed profiles is of no ultimate significance
in WAR studies, the combination of up- with down-dip observations does yield
more reliable models in the early stages of iteration and hence quicker progress
toward final models.
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Stress and Viscosity in the Asthenosphere

U. R. Vetter

Institut für Geophysik der Universität Kiel, Neue Universität, D-2300 Kiel,
Federal Republic of Germany

Abstract. Stresses and effective Viscosities in the asthenosphere down t0 a
depth of 400km are calculated on the basis of the “temperature method”.
Oceanic and continental geotherms and two melting point-depth curves, the
dry pyrolite solidus, and the Forsterite90 melting curve are used for a
conversion of temperature t0 Viscosity. The dry pyrolite model results in high
homologous temperatures in the asthenosphere (>0.9 below oceans), very
low stresses (a few bar and lower), and a 300 km thick low Viscosity zone.
The F090 model has lower homologous temperatures; stresses in the astheno-
sphere are in the range of 5—100 bar, and the asthenosphere itself is not
limited t0 a certain depth interval but extends t0 great depths.

Key words: Continental and oceanic asthenosphere — Melting-depth curves
—— Stresses —— Effective viscosities.

1. Introduction

During the last 15 years progress has been made in laboratory study of the creep
behavior of rocks. A number of experiments were conducted on the mineral
olivine and olivine bearing rocks. It is the opinion of Goetze (in preparation),
among others, that the orthorhombic mineral olivine of the approximate com-
position (Mg0_91Fe0_09)SiO4 is the dominant phase t0 about 350km depth,
where the transition t0 a spinel structure begins. Accordingly, it seems justified
t0 ascribe tectonic movements in the depth range of 404100 km t0 creep in
olivine. This is certainly the case, since the other minerals (20—50 %) which are
found in the material of the uppermost mantle (pyroxene, spinel etc.) show a
creep behavior in laboratory experiments which is not significantly different
from that of olivine (Green and Radcliffe, 1972; Carter et al., 1972).

The results of laboratory measurements on olivine are described in papers by
Carter and AVeLallemant (1970), Goetze and Brace (1972), Kirby and Raleigh

Contribution N0. 157 of Institut für Geophysik, D-2300 Kiel
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(1973), Post and Griggs (1973), Goetze and Kohlstedt (1973), Kohlstedt and
Goetze (1974), Kohlstedt et a1. (1976), and others. In the range of stresses
(differentival stresses 01 —a3) from 50 bar t0 about 10 kb and in a temperature
field above 0.5 Tm (Tmzmelting temperature) the experimental data can be
approximated by a power creep law of the general form

8'zKG"€Xp[(—Q+IJV)/RT] (1)
(Kohlstedt et al., 1976)

with ä=creep rate
K = constant
a=shear stress (diff. stress)
Q =activati0n energy (for self diffusion of

the slowest moving species)
V=the corresponding activation volume
p = lithostatic pressure
R = gas constant
T=temperature (in K).

The exponent n of the shear stress increases with increasing stress. For the stress
range between 50 bar and about 2kb a power ereep law with an exponent n=3
fits the data best. Creep in materials at very low stresses, i.e. about 1bar and
less, and at high temperatures (>0.75 Tm) is apparently transitional between that
described by a power law (=PL) and Nabarro-Herring creep (=NH, with n =1),
which is a function of the grain size (Herring, 1950; Weertman, 1970; Kirby and
Raleigh, 1973; Stocker and Ashby, 1973; Carter, 1976). Coble creep (1121—2)
which has gained more acceptance recently (Twiss, 1976; Schwenn and Goetze,
1977) is not treated in this study.

Comparisons between experimentally and naturally deformed rock samples,
by means of electron mieroscope observations, lead t0 the conclusion that the
samples come from depths, where stresses from ca. 50bar t0 1—2kb existed
(Raleigh and Kirby, 1970; Nicolas et al.‚ 1971; Phakey et a1., 1972; Goetze and
Kohlstedt, 1973; Carter, 1976; Nicolas, 1976). As pointed out by Meissner and
Vetter (1976, in the following referred t0 as paper 1) regions from which these
samples came may not be representative of the mantle in general, since some
mechanism was operating there bringing up the samples t0 the surface, a process
which is not eommon in the rest of the mantle. However, since stresses from
lbar and smaller (in the middle of the asthenosphere) t0 a few kb (in the
lithosphere) seem t0 eover the whole range of tectonic processes of ereep and
fracture (Vetter and Meissner, 1977; hereafter referred t0 as paper 2) the data
obtained on laboratory and natural samples mentioned above should be appli-
eable t0 the problem.

The creep rates in laboratory experiments are in general 8—10 orders of
magnitude larger than geologic creep rates. An application of experimental data
t0 in situ conditions requires an extrapolation t0 much lower creep rates
(Kohlstedt et al., 1976; Goetze, in preparation). Moreover, the confining pres-
sures in laboratory studies reach only 15 kb which corresponds t0 the upper
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50 km. It has not yet been possible to detect any transition from PL to NH creep
in rocks, neither under laboratory conditions nor in naturally deformed
specimens.

Little is known about the exact composition of the silicate mixture which
constitutes the upper mantle. Hence, melting point-depth relations are model
dependent although the creep behavior of many mantle minerals seem t0 be
similar as mentioned before. A further problem is the possible presence of fluid
phases (water, carbon dioxide) which strongly surpress the melting point (Green
and Liebermann, 1976). Because of the uncertainty in our knowledge of the fluid
phases their effect on the melting point will not be considered in this study.

While in papers 1 and 2 some observational evidence for the transition from
PL t0 NH creep was presented on the basis of uplift data, the present study
attempts t0 define the range of conditions in which the different creep laws are
valid. Hence, two models with different melting curves Will be presented which
are assumed t0 be the limiting cases for in situ conditions.

2. Models and Formulas Used

A plate tectonic model with an oceanic plate and a continental plate and their
substructures t0 a depth of 400km is considered (Fig.1). Theoretical com-
putations of the stress-depth distribution are performed for the model.

In Equation (1) the exponential term can be substituted for by a term
including the diffusion coefficient. The influence of increasing pressure on the
creep rate is taken into account by the increase of the melting temperature with
pressure (Sherby and Simnad, 1961; Goetze and Brace, 1972; Kirby and
Raleigh, 1973; and others). This substitution results in the following formulas:

ä=Claexp(—g*T‚„/T) (2)

OCEAN CONTINENT
(8cm/y —>) (4-2 cm/y)

LITHOSPH.
LITHOSPH.

100- ———————— 400

ASTHENOSPH :
——————

200- o -200
2 ASTHENOSPH.

300— m -300

4001 creep rote 7400
(km) ä z 2 ‚10-14 5-1 g: 340—15 5—1 (km)
Fig. l. Plate tectonic model (exaggeration 1:10)
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Fig.2. Temperatures and melting points in the upper 400 km of the earth; left: Tm=dry pyrolite
solidus (Stocker and Ashby, 1975); right: T‚„=Forsterite90 melting curve (Carter, 1976); 1: hot
oceanic geotherm (Griggs, 1972); 2: continental shield geotherm (Clark and Ringwood, 1964); dashed
lines: fractions of melting point

With

and ocl = constant
k = Boltzmann’s constant
r = grain size

Q = atomic volume
DO = diffusion constant

g = constant

which are valid for grain size dependent NH creep and

ä= C3 03 eXP(-g* Tm/T) (4)
With

C3=OC3 QDo/Ms (5)
and oc3 = constant

‚u = shear modulus

which are valid for dislocation (=PL‚ n=3) creep. For detailed explanations
and derivations of these equations see Weertman (1970) and papers 1 and 2.

From a comparison of Equations (2) and (4) it is seen that power law creep
with äwa3 is much more sensitive to changes in stress than is NH creep. Using
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Equations (2—5) and the relation

n = 0/8' (6)
the effective Viscosity can be determined on the basis of the “temperature
method”. That creep process will dominate Which gives the highest creep rate in
each stress level. In the transition from one creep process to the other, both
processes contribute about equally to the resulting creep rate. The transition
from PL to NH creep occurs at ever decreasing stress as the temperature
increases and as the grain size decreases (see paper 1, Fig. 4 and paper 2, Fig. 6).

Two different melting point-depth curves Will be considered: (a) the dry
pyrolite solidus curve, taken from Stocker and Ashby (1973, Fig. 9) and (b) the
dry Forsterite90 melting curve, taken from Carter (1976, Fig. 39). These two
melting curves differ by about 600° C at a pressure of 1 bar and come together in
a pressure range of about 100 kb. In Figure 2a and b both melting curves are
plotted with the geotherm of a hot oceanic region (Griggs, 1972) and of a
continental shield (Clark and Ringwood, 1964). The restriction T/Tm>0.5 for
high temperature steady state creep is fulfilled in both cases for depths greater
than the crust-mantle boundary.

3. Numerical Values of the Constants Used in the Calculations

As in paper 2, the following numerical values were used in Equations (2—5):
1. The grain size r was taken to be 5mm according to the observations of

mantle specimens, in which most grains lie between 1 and 10 mm. Also in-
dications from the uplift data, as mentioned in paper 2, Figures 4 and 5, give
evidence of a grain size around 5 mm. This grain size is taken as constant in the
following C’alculations. Certainly this treatment is a rough approximation be-
cause it is well known that grain sizes vary not only with temperature and
pressure but also with tectonic stress (Kohlstedt et al., 1976; Mercier, 1977).

2. The constant g* was examined by Kohlstedt and Goetze (1974) in their
laboratory creep experiments on dry olivine; they obtained a best value of g*
=29, Which is used here. The experimental values of g* in olivine creep studies
of other authors vary between 26.4 and 31.8 with a mean of 29 (Weertman and
Weertman, 1975). Since g*z103 Q/RTm, one finds an activation energy of
Qz 125 kcal/mol at the melting point Tm=2170K of F090 at 1bar. This Q value
is also a mean obtained from a number of measurements by different authors
(see Goetze, in preparation, Fig. 10) and is nearly constant in the temperature
interval from 0.5 Tm to Tm.

If one takes the dry pyrolite solidus temperature Tm (1 bar)=1470 K, and
g*=29, an activation energy of Qz85 kcal/mol results. Sehwenn and Goetze
(1977) obtained this value as a mean for Coble creep in olivine during ho’;
pressing.

3. The following numbers were used for the constants C1 and C 3 in Equa-
tions (2 and 4): C1=2-10_4cmsg‘1for Tm, a grain size r=5mm and ocl=10
(Weertman, 1970); included in C1 is the diffusion constant C023 . 104 cm2 s’ 1
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(Goetze and Kohlstedt, 1973). C3:4.2- 1011 kb‘3 s‘l, as experimentally deter—
mined by Kohlstedt and Goetze (1974) at the olivine melting point. If
a3 =2.26- 1012 dyn cm’z, then the diffusion constant will be D0z106 cm2 s‘ 1.

The constants differ from those in paper 1 where a value of g* = 18 was used.
This g* was based on hot ereep experiments with different metals (Weertman,
1970) and resulted in a C3 =8.2'104kb‘3 s‘ 1. The g* and C3 values from
Kohlstedt and Goetze’s (1974) experiments on dry olivine crystals seem to be
more realistic for the mantle conditions. The difference in the resulting effeetive
viscosity on the base of both mentioned sets of constants is small for tempera-
tures around 0.7 Tm, but reaches about one order of magnitude for 0.5 Tm and for
Tm.

Introdueing the constants in Equations (2), (4), and (6), stresses and effective
viscosities for the models are obtained.

4. Results

Figures 3 and 4 show so called deformation maps (zstress-depth curves with
the strain rate as a parameter) for the oceanic and continental geotherms from
Figure 2. The subduotion zone in these figures is considered only as a separating
feature and is not speoifically investigated in this study. Figures 3a and b are
based on the dry pyrolite solidus curve and are taken from paper 2, Figures 7
and 8. Figures 4a and b show the analogous maps based on the F090 melting
curve, maps which are similar to those of Kirby and Raleigh (1973). Using the
pyrolite solidus curve one obtains high homologous temperatures T/Tm, es-
pecially for the oeeanie case; they reach nearly 0.95 below oceans and 0.72
below continents. NH ereep seems to play an important role below oceans for
geologic strain rates, because stresses in this particular model are in general very
small. In the deformation map based on the F090 melting curve (Figs. 4a and b)
homologous temperatures reach a maximum of 0.83 for a “hot” oceanic
asthenosphere and 0.7 for the eontinental shield, but at much greater depth than
in the case discussed above. Under these conditions, NH ereep only plays a
minor role. Stresses are about a factor of 10 higher than for the dry pyrolite
model. These stress values are in good accord with those given by Kirby and
Raleigh (1973).

Neugebauer and Breitmayer (1975) also calculated a deformation map for
the ooeanie mantle to a depth of 1100 km and under the assumption of a power
creep law (n=3). They adjusted the strain rates to a sinking rate of the plate of
8 em/y to avoid the use of problematie eonstants. Their stress values are about 2
orders of magnitude higher than the stresses in this consideration calculated on
the base of the F090 melting curve.

The power creep law (n= 3) leads to a relation between a and ä in the form of
0Nä1/3. Therefore stresses could change up to a factor of about 3 if the strain
rate ehanges by about one order of magnitude in a depth range of 400 km. A
larger variation of the creep rate does not seem to oecur in zones of quieseence,
i.e. away from plate boundaries. If one treates NH creep as the dominant
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mechanism stresses will change with the same order of magnitude a5 the creep
rate does.

Figures 5—8 Show stresses, homologous temperatures, and effective viscosities
f0r the special plate tectonic model mentioned below. Additional geotherms
were used (for instance the Basin and Range temperature distribution, represent-
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ing an orogen (Herrin, 1972), and a few oceanic temperature curves of Clark and
Ringwood (1974) and Forsyth and Press (197l).

In the plate tectonic müde] (Fig. 1) the oceanic plate is assumed t0 be moving
with a Speed of Scm/y. The differential movement may be concentrated in a
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layer 100—200 km thick (asthenosphere). From the relationship

äzöv/Öhzv/h (7)

where h = gliding thickness
and v = drift velooity

a creep rate äz2- 10— 14 s‘ 1 results. For the continental plate which is drifting at
2cm/y a strain rate äz3o10‘15 3—1 is calculated. They represent mean creep
rates which may be correct down to the middle of the asthenosphere and will
decrease slightly with increasing depth because of increasing pressuro (see
Eq.(1)). However, this effect is not considered here. The calculated stresses are
valid for those zones in the asthenosphere which do not show tectonic activity,
for instance for the asthenosphere beneath the deep sea floor and beneath
continental shield regions.

In Figures 5 and 7 those zones are indicated in which NH oreep yields the
higher creep rate for a given stress. This is the case in Wide regions of the
asthenosphere below oceans and also in the region around an orogen below
continents for the first case which is based on the dry pyrolite solidus. In the
second model, based on the F090 melting curve‚ NH creep plays only a minor
role, locally confined to the Vicinity of oceanic ridges (or plumes) and perhaps in
small zones below continental orogens. The important difference between the
two Tm—models is olearly Visible in the stress-depth distribution. Whereas the first
model is characterized by very low stresses (below lbar in most parts of the
oceanic and below 5 bar in most parts of the continental asthenosphere), stresses
resulting in the F090 melting model are higher by one order of magnitude.
However, they reach their minimum values at greater depths than in the first
model. This stress level (10—100 bar in the upper part of the asthenosphere and
1—2 kb in the lithosphere) is favoured by most authors who have carried out
laboratory experiments or electron microscope observations.

A further difference between the models is the “shape” of the asthenosphere.
Characteristic of the first model is a pronounced high temperature channel at a
depth of 80—250km under oceans and 130—350km under continents. In the
second model, a pronounced asthenospheric shannel is not indicated; on the
contrary, there seems to exist a region of more or less constant temperature
from about 200 km down to great depths. Upper mantle models derived from
seismic observations indicate the existence of a more or less limited astheno—
spheric ohannel, at least below oceans (e.g. Smith, 1972; Forsyth, 1975; Froi-
devaux et al.‚ 1977). They support the result of model 1 whereas O’Connell
(1977) derived a mantle model with a relatively uniform temperature structure in
the whole upper mantle without a pronounced asthenospheric channel from
glacial rebound data and gravity anomalies. His ideas are in better agreement
with the result of model 2. Both these models may limit the realistio mantle
temperature variation‚ if the assumption “dry” is correot.

Figures 6 and 8 show the corresponding Viscosity profiles. The calculations
were made for NH creep with a grain size of 5mm and for PL creep with the
stress distribution from Figures 5 and 7. Both melting temperature models show
effective Viscosity values not very different from each other. The remarkable
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difference again is shown in the shape of the Viscosity isolines. They delineate the
asthenosphere as a 150—300 km broad low Viscosity channel in the first model.

In the second model, however, the low Viscosity asthenosphere covers the
depth range from 150—200 km to at least 400 km, and no indication of a Viscosity
decrease with increasing depth is seen. A low velocity “channel” which is shown
by numerous seismic measurements to be in the depth range of 80 km (ocean) to
300 km (Precambrian shield) must be caused by the existence of minor amounts
of water (or other fluid phases) in the upper mantle material, if the F090 melting
temperature model is the realistic one. Obviously, this water content must be
more signifieant below oceans. The dry melting curve may then be partially
replaced by a wet melting curve. Green and Liebermann (1976) suggest the
existenoe of a zone of incipient melting (<2%) with an abrupt beginning at
about 80—90km depth below oceans because of amphibole break down con-
nected with a water content <0.4%. Their considerations are based on the
pyrolite melting curve. Such a sharp boundary is not confirmed so far by any
seismie measurements. Nor is the recording of E-Velocities larger than
8.5 km s‘ 1 at depths of 50—100 km in agreement with a wet pyrolite model. Also
Wyllie (1971) has shown the influence of the presence of 0.1 % water on the
peridotite melting ourve. Both investigations show a depression of the melting
point by about 500° C at a depth greater than about 100 km. It seems probable
that even a smaller water content will change the oreep mechanism strongly.

5. Conclusions

Based on the assumption that the lithosphere and asthenosphere are dry, two
rheologic models were calculated which provide boundary conditions for creep
processes:

Model 1 (based on the dry pyrolite solidus melting-depth curve) indicates
that the asthenosphere begins at rather shallow depths and terminates between
300 and 400km. In model 2 (based on the F090 melting-depth curve) the
asthenosphere begins at a deeper level and extends to greater depths than in
model 1, i.e. no changes in the physical parameters are indicated to a depth of
400 km. In general the Viscosity values (i.e. the mean effective Viscosity of the
asthenosphere) are similar in both models. They both show a Viscosity difference
of about 11/2 orders of magnitude between the continental and oceanic
asthenospheres.

If there is a relation between seismic Q-values and effeetive Viscosity 11 as
suspected by McConnell (1965) and Meissner (1977), seismic investigations
should reveal the differences between the asthenospheres below shields and
oceans in more detail. Also a discrimination between the dry pyrolite and the
F090 model should be attempted by seismic as well as by mineralogical
investigations.
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The Theoretical Investigation of Resistivity Methods
for Geoelectrical Prospecting in Marine Areas

J. Sebulke
Technische Universität Berlin, Institut für Angewandte Geophysik,
Petrologie und Lagerstättenforschung, Straße des l7. Juni 135, EB 15, 1000 Berlin 12

Abstract. The applicability of the geoelectrical resistivity method in marine
areas is studied by model caleulations. For a simplified three—layer-model
assuming homogeneous and isotropic conditions together with parallel boun-
daries the apparent resistivity is calculated for three different electrode
configurations. It is concluded that for two of the configurations the thickness of
layer 2 (sediments) can be determined with a sufficient accuracy.

Key words: Marine geoelectrical sounding — Computed apparent resistivity —
Marine Geophysical survey.

1. Introduction

As the demand for mineral raw materials and the geoscientifie interest in the oceans
have increased, methods primarily used for measurements on land were modified
for an applieation in the marine areas or even totally new techniques were
developed. Thus important progresses have been obtained in seismies, gravimetry,
geothermics and magnetics which also led t0 new developments in some sub-
branches of maringeophysics.

In geoelectrics comparatively few experiments have been published which
examine methods for an application at the sea. Sovietic and Dutch authors (Volker
and Dijkstra, 1955; Terekhin, 1962; Van’ Yan, 1956) have reported about the
applieation of the resistivity methods hitherto used on land.

This article informs about activities t0 develop speeial geoelectric resistivity
methods suitable for the special conditions at sea. The preferred prospecting object
is thin elastic sea floor sediments which, at the present time, cannot be examined
neither by seismic nor ultrasonic methods with a sufficient precision.

The experiment shows that one can draw conclusions about the structure of
oeean floor sediments at arbitrary water depths from some of the investigated
geoelectrical arrays.
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2. Potential of a Point Source in a Three — Layer Halfspace
at Arbitrary Depths

A very simple model is used for the following observations with different
resistivities (Fig. 1). A sediment layer lies on top of an unlimited half—space, here
called bedrock, and is covered with water.
The following assumptions have been made t0 simplify the calculations:

Each layer is homogeneous and isotropic.
The boundaries of the layers are parallel t0 each other.
The following considerations have been made at the planning of the elec-

trode configurations:
The source point of the potential field shall be near t0 that part of the ground

which is of interest for the measurements. Therefore the current electrodes are
placed either in the water layer or in the sediment.

The potential electrodes are always situated in the water layer, preferably on the
sea floor.

Three different configurations will be presented for which model calculations
have been carried out.

The one-electrode configuration (Fig. 2): The first current electrode is inserted
into the sediment, the second one is located at a —— from the physical point of View
—infinite distance from the array. The two electrodes for the measurement of the
potential difference will be separated so that the distance r between E1 (current
electrode) and S1 (potential electrode) and between S1 and S 2 always remains the
same.

The asymmetrical two-electrode configuration (Fig. 3 a): The current electrodes
E1 and E2 are inserted either into the sediment or into the water layer (a is the
horizontal distance between E 1 and E2). The electrodes are placed asymmetrically
with respect t0 the centre of the current electrodes as in the preceeding
configuration.

l T
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Fig. 3. a The asymmetrical two-electrode configuration. b The symmetrical two-electrode configuration

The symmetrical two-electrode configuration (Fig. 3b): The two current
electrodes are put at the same depth either into the water layer or on the sea floor,
the potential electrodes on the sea floor symmetrically t0 the current electrodes
(S1 E1 =S2 E2 =r). The potential of arbitrary coordinates of a point source in the
half-space has t0 be known for the calculation of the apparent resistivity ps(r) for
each of the described configurations. Each single potential can be calculated by the
complementary solution of the Laplace’s equation in cylindrical coordinates:

V(r‚ z)=ojo[A(/1)e_ÄZ+B(/l) e’lz] JO(Är)d/1. (1)

The following expressions are obtained for each potential in the different layers n
(E 1 and E2 in layer j):

V1 =Vp+qj 5 (61(Ä)e’“+w1(Ä)eÄz)JO(/1r)d/l
O

V2 =V„+q‚. 050 «mm-M+w2(Ä)e“>Jow>d1 (2)
0

V3: Vp+qj 050(9301)?”+t/13(Ä)e“)JO(/1r)d/l

Vp is the primary potential for which the following is valid:

0 for j:|=n

.00 —Ä(ZE_z)-J Ä dÄ f °= d
s qjge

O( r) or j n an zE>z
(3)

CD

qjje‘l(z‘zE).J0(Är)dÄ for j:n and zE<z
o

with:

p .. I

The symbols of the parameters are the same as previously used by Flathe (1955). On
the condition that the current across the surface of the halfspace is zero we get:
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w1(‚1)+e"‘z for j=1
W101) for j=|:1.

The condition

w 3 (Ä) = 0 (6)
results from the claim that the potential has t0 disappear at an infinite distance.

The boundary conditions of the stationary electrical field, applied t0 the
generally formulated potentials yield a system of 2 (n— 1) equations which
determines the same number of initially arbitrary Chosen functions Gnu) and 71101).

The potentials ofan electrode in the different layersj for a point in the layer 1 are
as follows:

WH (5)

jzl:

V( )— [
1

+
1r’Z "11 (r2+(z—2E)2)“2 <r2+(z+zE)2)1/2

+00k1(e-Ä(2h1-ZE)+e-M2h1+zE))+k2(e—Ä(2h2—zE)+e—‚1(2h2+zE))
O 1—k1 e—Zlh1_k2e-21h2+k1 kZe—Z/uhz—hl)

.(e-“+eM)JO(Är)dÄ] (7a)
j=2:

oo
(e-ÄzE+k2e-Ä(2h2-zE))(e-Äz+e‚12)V r‚z = l—k( ) q2( 1) Es)

1_k1 e-ZÄh1_kZe-‘2Äh2+k1k2
e‘ZÄÜIz—hl)

j=3:

V0”, Z)=q3(1-k1)(1-k2)

J0(Är)dÄ (7b)

e-ÄZE(e-Äz+e).2)

1_k1 e-ZÄh1_kze-2Äh2+k1 kze-Zlmz-hl)
Jo(/1r)d/1

0%8

(7 C)
where

k
zpn+1—pn

pn+1+pn

kn is called the resistivity contrast between neighbouring layers.
These results correspond t0 those of 0ther authors who examined the potentials

of burried current electrodes (Alfano, 1962; Merkel, 1971). All potentials can be
written as:

oo Zgie—Zlbi
z

VÜ’, Z)=qj(Aj+ Cj (5)
1_k_e_2‚1h‚_kze—2Ah2+k1 kz e—Z/t—hl)

JO(Är)d‚1). (8)

Substituting u = e’ 2 “0 and bi : mi ‘ h0, where h0 is the unit length, the integrand of
each expression for the potentials (7 a—7 c) can be transformed into the product of a
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rational function and the Bessel function of zero order when only integer multiples
of the unit length h0 are permitted:

oozgium
—_= .A. , _i.____V(r‚z) qJ(

J+Cjc5) P(u)
JO(Är)dÄ> (9)

where

P(u):1—k1u“—k2uß+k1kzuß‘“ (10)

and

h1 h2

Each rational function can be expressed as power series following the increasing
powers of its argument. Consequently the improper integrals can be transformed
into infinite convergent series by means of the Weber-Lipschitz formula:

1
e—bÄJ0(aÄ)dÄ

=(a
2

——-—b———+2)1/2
(b >0). (12)

09-—18

The general expression for the potentials (9) is

B„
V(7‘‚ Z): qj (Aj +Cj‚1:210

+0(2}’lh
)2)1/2) (13)

where

Zgium‘ 00

P(u) 2,24113"
u" . (14)

3. The Apparent Resistivity

The apparent resistivity of the arrays described above is given by

AV
PS=K T (15)

where K is the configuration factor which depends only on the geometrical part of
the array. K has the dimension of m. It is defined in such a way that ps(r) corresponds
t0 the true specific resistivity when Equation (15) has been applied for the
homogeneous half-space. T0 find K, the potential difference A Vis evaluated for the
described array in the homogeneous half-space. Generally the potential of a point
source lSZ

V :P_'{._1_+P'1'koLpq 47: q 47: q (16)
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where: p=index of the current electrode
q=index of the potential probe

Rpq=distance between the current and the potential electrodes
q:distance between the current electrode p (reflected with respect t0 the

boundary of the half-space) and the potential probe q
ko =resistivity contrast between the conducting and the non-conducting

half-space.

Using Equation (15) for a two-electrode configuration we get:

47:
K: .

(1/R11 +1/RT1 *1/R12 ‘1/RT2
—

1/R21 _1/R3If1+1/R22 +1/Räz)
(17)

AV has t0 be evaluated by the expressions of the potential (13) and put into
Equation (15) for the calculation of the model graphs ofthe apparent resistivity. For
example the apparent resistivity for an asymmetrical configuration is (provided
that E1 is placed in layer 2 and E2 in layer 1 (h1 <zE1 <h2; Z152 <h1)):

* B2" 00
B2nPs=P2(1’k1)K L1(1+(2nhO/r)2)1/2— Z(4+(2nho/r)2)“2]n=1

8

”M8

—p1K*[AT+„;1 (1 +a/r)2 4512"}: hO/r)2)1/2
00 B

_„\=Ä1((2+al/r)2 +(12nn hO/r)2)1/2] (18)
where

K* = K/47tr

and

AT = r
(l/Rz 1 +1/R’51 -1/R22 -1/Rä‘2)‘

Those expressions, calculable by a digital c0mputer, have been derived for each of
the considered configurations. The computer was of the type CD 6400. The
programming language was FORTRAN IV. A detailed description of the
mathematical derivation and the computer programs can be found in Sebulke
(1973)

4. Results of the Model Calculations

A large number of model graphs has been computed and apparent resistivity curves
have been plotted in one diagramm by changing m2. Only a limited number of
results will be presented here. Figure 4a shows the results for a one-electrode
configuration (water depth: 10 m, penetration depth of the electrode into the
sediment: 10 m). In this case p2 is double as high as pl. The graph shows that it is
possible t0 determine m2 ofup t0 20 m with a good accuracy, especially in the region
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Fig. 4a am! b. Computed apparent resistivity for the one-electrode configuration. a shallow water; b
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near the current electrode. The resolving power is made considerably worse with
the increase of m2. It is possible t0 determine p 2 by the curves ps(r) for small r when
m2 is sufficiently large and provided that ‚o1 is known. This value is easely
determined. The choice of the ratio ‚01/‚02 is based on practical field measurements
in the Mediterranean.

The next Figure 4b ShOWS the results for deeper water buth with the same
resistivity ratio. In this case ml is 50 m. The source of the electrical field is placed 10
m inside the sediment. The increase in m1 aggravates only slightly the resolving
power. The surface of the water has n0 influence on the measurements beyond a
water depth largely compared with the dimensions of the array. The accuracy of the
determination of m2 is bad when the potential electrodes are on the level of the
water surface.

The two—electrode configuration has advantages because the very 1011g supply-
line: für the second electrode at “infinity” is omitted. A peculiarity of the model
graphs for the asymmetrical two-electrode configuration has t0 be mentioned in
this context. K (17) ShOWS a singularity, because the potential difference for this
special configuration in the homogeneous half-space disappears for a special
distance r. K as a function of the distance r is shown in Figure 5. This behaviour
üf K determines largely the form of the curves p5(r).

The symmetrical two-electrode configuration (Fig. 3b) gives a slightly im-
proved resolving power for the same ground model (case 1: one-electrode
configuration, Fig. 4a). The results are shown in Figure 6. A comparison with
results of the one-electrode configuration (Fig. 4a) Shows that the gradient 01° the
curves p5(r) with the same parameter differs for large distances r. The resolving
püwer does not change, but as mentioned before, the two-electrode configuration
has some advantages with respect t0 the measuring procedure. A towed multiple
Cünductor cable with electrodes at fixed distances r and an apparatus adapted t0
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0] , ‚ ‚ I ‚ ‚ ‚ ‚T f 1 Ü ‚ ‚m electrode conflguration
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the particular measurement conditions at sea have been constructed. It will be
described by Bischoff in a later publication.

The asymmetrical two-electrode configuration has some measuring advan-
tages, e.g. only one electrode cable, and at the same time a high resolving power may
be expected.

The same model as before ist considered for the first example of calculation (Fig.
7a). The current electrodes have a horizontal separation of a = 10 In. The electrode
E1 (see Fig. 3a) is inserted into the sediment, electrode E2 is situated in the water
layer. The singularity of the curve is caused by K. The model calculation ShOW
strong variations between the ps(r)-curves for different thicknesses of m2. Figure 7a
ShOWS that in this special case h2 can be determines up to a thickness m2 = 40 m with
an accuracy of i1 m. Even a relative reduction of p, does not impair the
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Fig.7a—d. Computed apparent resistivity for the asymmetrical two-electrode configuration (Elec-
trodes in different layers). a shallow water; b shallow water, pl/p2=0,l; c current electrodes
perpendicular one upon another; d deep water

interpretation accuracy (Fig. 7b). These model calculations have been made for the
same configuration but with a ratio of ‚01/‚02 =0‚1.

A high efficiency will be obtained when the two sources are perpendicular t0
each other. The results of this geometrical array are shown in Figure 7C. Again the
hitherto most frequent physical model is used. But measuring problems will arise
for this version of the asymmetrical configuration because the potential differences
between the electrodes at a current of I = 1 A go down t0 A V: 4 uV(m2 = 15 m). The
calculations for this special array were checked by the aid of model measurements
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in an electrolytical trough (Bischoff, 1973), and a good conformity has been
observed.

A removal of the whole array deeper into the water layer aggravates the
resolving power in relation t0 changes of m2. Figure 7d ShOWS the model graphs for
h1 =50 m. But the curves differ well enough t0 determine m2 up t0 30m with a
sufficient accuracy. The change of the position of electrode E 2 from the water layer
into the layer 2 does not improve the interpretation accuracy and even aggravates
the resolvin power (Fig. 8).

5. Conclusion

Each of the three configurations examined is suitable for marine geophysical
prospecting, but the one-electrode configuration will be excluded because of
additional technical expenses. In spite of the small values of p 1, the curves ps(r) are
sensitive enough t0 Changes of m2 and pz, so that h2 can be determined with a
sufficient accuracy.

Each method gives useful results even for large water depths. ,01 and ‚02 can be
determined by additional measurements and by the behaviour of the sounding
curves for small distances r. m1 can be measured and the problem t0 determine m2 is
conditionally unique, provided that the prospected object can be described by a
three-layer model.

Acknowledgements. I would like to thank Prof. Dr. J. Behrens and Prof. Dr. A. Wilke for some useful
discussions and their interest in this problems. Thanks are due t0 all my colleagues who helped with the
measuring in the Mediterranean.



|00000267||

Marine Resistivity Sounding 255

References

Alfano, L.: Geoelectrical prospecting with underground electrodes. Geophys. Prospecting 10, 290—303,
1962

Bischoff, J.: Eine Apparatur für die Durchführung modellgeoelektrischer Arbeiten nach der Wider-
standsmethode zur Simulierung von geoelektrischen Messungen im marinen Bereich. Diplom-
arbeit, Berlin 1973

Flathe, H.: A practical method of calculation geoelectrical model graphs for horizontal stratified media.
Geophys. Prospecting 3, 268—294, 1955

Merkel, R. H.: Resistivity analysis for plane-layer—half-space models with burried current sources.
Geophys. Prospecting 19, 626—639, 1971

Sebulke, J.: Entwicklung und Untersuchung einer Widerstandsmethodik zur geoelektrischen Pro—
spektion im marinen Bereich. Dissertationschrift D 83, Technische Universität, Berlin 1973

Terekhin, E. I.: Theoretical bases ofelectrical probing with an apparatur immersed in water. In: Applied
Geophysics U.S.S.R. p. 169—195, Oxford: Pergamon Press 1962

Van’Yan, L. L.: Theoretical curves for electrical sea probing with a sea-bottom apparatus. Applied
Geophysics Nr. 50, Gostoptekhizdat 1956

Volker, E., Dijkstra, J.: Determination des salinites des eaux dans le sous-sol du Zuiderzee par
prospection geophysique. Geophys. Prospecting 3, 111—125, 1955

Received J anuary 6, 1977/Revised Version October 3, 1977



|00000268||



|00000269||

J. Geophys. 44, 257——272, 1978 äoegrpr'ljayläfcs

Interpretation of Magnetic Anomalies
With Fourier Transforms, Employing End Corrections

B.S. R. Rao, I.V. Radhakrishna Murthy, and
D. Bhaskara Rao
Department of Geophysics, Andhra University, Waltair (India)

Abstract. The method of Fourier transforms has been extended to interpret
the magnetic anomalies of arbitrarily magnetised horizontal circular cylin-
ders, dykes and faults. The Fourier transforms of the magnetic anomalies are
derived without any apriori assumption of the position of the source and its
magnetisation. They are usually evaluated by numerical integration of the
available anomalies along the finite length of the profile. ‘End eorrections’,
which account for the contributions of the unknown anomalies outside the
length of the profile, have been suggested t0 improve the reliability of these
functions. It is also shown that without these corrections‚ the derived
functions tend t0 be highly oscillatory and no useful interpretation can be
arrived at.

Formulae useful in actual interpretation are derived for the three models
mentioned above, making use of the amplitude spectrum and some auxilary
functions derived from them. These new functions are found to be dependent
on the shape of the body.

Key words: Fourier transforms — Magnetic interpretation — End corrections.

Introduction

Many articles have appeared in the recent literature on the use of Fourier
transforms for interpreting gravity and magnetic anomalies. In this method, the
anomalies in the space domain are transformed into the frequency domain and
the various body parameters of the model are derived from the characteristic
properties of the amplitude spectrum. Odegard and Berg (1965) derived ex-
pressions for the amplitude spectrum of the gravity anomalies of spheres,
horizontal circular cylinders and vertical steps. Bhattacharya (1966), and Spector
and Grant (1970) studied the continuous spectrum of the total field anomalies of
prismatic bodies. Sharma and Geldart (1968) applied the method of Fourier
transforms t0 interpret the gravity anomalies of two—dimensional faults. Rao and
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Avasthi (1973) could determine all the body parameters of a symmetrical
anticline from the amplitude spectrum of its gravity anomalies for a given
density contrast.

Many authors (eg. Collins et al., 1974; Regan and Hinze, 1976) have
recognised that the calculated spectra from the gravity and magnetic anomalies
differ substantially from the true spectra so as to arrive at useful interpretation.
The basic reason is that the anomalies are available only on a finite length of the
profile, whereas the numerical integrations involved in the transformation
require the data from —oo to +oo on the profile. During the course of the
oalculations, it is assumed or taken for granted that the data beyond the
available length of the profile take zero values. In the present paper, corrections
known as ‘end corrections’ are suggested for anomalies of two-dimensional
bodies to improve the reliability of the spectrum calculated from them, when
available over a finite length of the profile. The discussion is with special
reference to the vertical magnetic anomalies of arbitrarily magnetised and
arbitrarily striking cylinders‚ dykes and thick faults, but the same rules will
apply to their total field anomalies also.

In the majority of papers published to date in this field it is assumed that the
magnetisation is caused by induction. It is also assumed that the origin, with
respect to which the anomaly expression is written, is known. In practice, the
origin is not known and the magnetisation is not always caused by induction.
Thus, in this paper, the anomaly expressions are written with reference to an
arbitrary reference and methods are suggested to determine not only the body
parameters of the model under question, but also the direction of magnetisation
and the exact position of the body. Both the sine and cosine transforms are
derived and used in interpretation. It is also found out that the shape of the
body oan be decided directly from the spectrum.

Derivation of Analytical Expressions

The Fourier transform f*(co) of a function f(x) is defined by the relation

f*(w)= off(x)exp(—ia)x)dx
which is a complex quantity. f(x) is the known geophysical data, and can be
numerically integrated to give f*(w) for any given value of the spatial wave
number a). But the Fourier cosine and Fourier sine transforms are real quan-
tities defined by the relations,

(X)

FCOS(co)= o[of(x)coscoxdx and FSIN(a))= l f(x)sina)xdx.
_ —CXD

The amplitude spectrum of f(x) is defined as

FT(w):1/FCOSZ(co)+FSIN2(w).
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Fig. l. Illustration of the various parameters. (A) Horizontal circular cylinder (B) Inclined dyke, and
(C) Fault

i) Horizontal Circular Cylinder

The vertical magnetic anomaly over a horizontal circular cylinder is given by

AV(x)-—-=C1(11 sin di—Izcos (15) (1)
where I1 = [Z2 —(x —D)2]/[(x —D)2 +22]2

I2 =2Z(x—D)/[(x —D)2 +22]2
C 1 —_— 27: R2 I

and the other parameters are as shown in Figure 1(A). Since the exact position
of the oylinder is not known, the magnetic anomalies may be plotted from an
arbitrary reference 0 on the profile. Thus C1, D, d) and Z are the parameters to
be obtained from the Fourier amplitude spectrum. To evaluate the transform of
Equarion (1), we may first evaluate the transforms of I 1 and 12 separately, letting
D=O and finally employing the translation theorem. Accordingly I1 and 12
exhibit even and odd symmetry respectively, so that the sine transform of I 1 and
cosine transform of I2 are zero. Following from the Tables of integrals by
Erdelyi et al. (1954), we have

050 [1/(x2 +ZZ)] cos cox dx =(7z/Z) exp( —Za))
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and

30 [x/(x2 +22)] sin cox dxzn exp(—Zco).
--(X)

Differentiating the above with respect t0 Z we can deduce that

050 [(Z2 —x2)/(x2 +ZZ)Z] cos cox dx=7tco exp(—Za))

and

j [ZZX/(x2 +Z2)2] sin cox dx:7za) exp(—Za)).

Using the translation theorem i.e., the Fourier transform of f(x—D) is
f* (c0) exp(—t)‚ we can finally obtain that

FCOS(a))=7r C1 a) eXp(—Za)) sin(d5+Da))
and (2)

FSIN(a))= —7I C1 a) exp(—Zco)cos(<15+Dw)

ii) Dipping Dyke

Measuring the distance x from an arbitrary reference point 0 on the profile, the
expression for the vertical magnetic anomaly of a dipping dyke can be written as

AV(x)= C2(I3 cos Q+I4 sin Q) (3)

where C2=21 sinQ cp—G

I3=arctan(x—D+ T/Z)—arctan(x—D—— T/Z)

I4=%{ln[(x—D+T)2+Z2]—ln[(x—D—T)2+Z2]}

and the various other parameters are defined as in Figure 1(B). When D=O‚ I 3
and I4 ShOW even and odd symmetry respectively. T0 obtain the transforms of
these functions, we may start from the following equations (Erdelyi et al., 1954)

0° T+x T—x ‚
f [22+(T+x)2 +Z2+(T—x)2] coscoxdx= —27zsm Tco exp(—Za))

and
°O Z Z ‚j [22+(T+x)2 —Zz+(T——x)2] sinwx dx= —2TC sm Tco exp(——Zco).

Integrating the above with respect t0 Z, we have

j [arctan (x + T/Z) — arctan(x — T/Z)] cos w x dx

=27r(sin Tau/c0) exp( —Za)) +Ä1
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and

ä— 050 [ln((x+ T)2 +Z2) —ln((x — T)2 +22)] sin cox dx
—

00=27r(sin Tco/co) exp( —Zco) +Ä2

where ‚11 and ‚12 are integration constants. The quantity

aretan (Je—fi/Z) — arctan (m/Z)

is actually the angle subtended by the top of the dyke at the point of
observation. If T= O, the above quantity is zero for all values of x, so that the
transform is also zero. Thus ‚11 is zero. Similarly it ean be shown that ‚12 is also
zero. Using translation theorem we ean finally show that

FCOS(co)=(27t CZ/w) eXp( —Za)) sin Ta) cos(Q +Dw)
and (4)

FSIN(a))=(2n CZ/w) exp(— Zw) sin Ta) sin(Q +Dco)

for an infinite dyke.

iii) Fault

The vertical magnetic anomaly due to an arbitrarily magnetised fault model is
given by

Zä+(x—D+T)2AV(x): C3 [äsinQ ln Z‘I‘+(x—D)2
x—D+T x—D

+cos Q (arctan ——aretan )] (5)
Z2 Z1

where C 3 =2I sin 0, Q :d5+6‚ and the other parameters carry the meanings
shown in Figure 1(C). Following the analysis similar to that of the dyke, we can
finally deduee that

FCOS(a)) =(7r C3/w) [exp( — Z1 c0) sin(Q + D w)

——exp(—Z2 w) sin(Q +D— Tco)]
and (6)

FSIN(a))—-— —(7r C3/w) [exp(——Z1 c0) cos(Q+Da))

—exp(——Z2 c0) cos(Q+D—Tco)]

when the distances are measured from an arbitrary reference point.

End Corrections

Evaluation of the sine and eosine transformation is essentially a technique of
numerical integration, and many methods exist in this direction. But the method
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used in evaluation of the integrals in the various examples cited in this paper is
based on the method of Filon (1928—29). In any method, the integration is
performed on the anomalies available on the finite length of the profile by
writing, for example,

FCOS(co)= j f(x) cos cox dx,
x1

where x1 and x2N + 1 are the initial and final values of x in the profile containing
2N +1 observations. The arbitrary reference with which the values of x are
measured may be anywhere, but can be selected as close t0 the origin as
possible.

We will observe at a later stage that these ‘finite transforms’ tend to be
highly oscillatory and that correct interpretation can not be obtained from
them. These transforms can however be improved by applying corrections by
calculating the contributions of the missing anomalies outside the length of the
profile. The basis of this correction is as follows: A simple analytical expression
can be fitted t0 the last few anomaly points, Showing the trend or variation of
the anomaly over this distance. This trend is assumed t0 prevail from the last
anomaly point t0 infinity also. Knowing these expressions, one for each end of
the profile, their Fourier transforms can be arrived at in a Closed form. These
may be called the correction terms and will represent the effects of the missing
anomalies from — oo t0 x1 and from x2N+1 t0 oo. They may be added t0 finite
FCOS(co) and finite FSIN(co) worked out above.

i) Horizontal Circular Cylinder

At
sufzficiently

large values of x, we can neglect D and Z2 in comparison with x
and x2 respectively1n Equation (1). Thus,

A V(x) = C1( —sin cD/xz) —(2 C1 Z cos €D/x3)

and the magnetic anomaly may be assumed t0 obey the equation A V(x)=A1/x2
+A2/x3 from x: —oo to x-—-x2‚ and AV(x)=A3/xz+A4/x3 from x=x2N t0 x
= oo. A1 and A2 can be solved from the magnetic anomalies AV(1) and AV(2)‚
and A3 and A4 from AV(2N) and AV(2N+1). Knowing A1, A2, A3 and A4, the
correction can be worked out as follows:

Cpcoszcorrection for Fourier cosine transform

z j (AI/x2+A2/x3)cosa)xdx+ j (A3/x2+A4/x3)coswxdx

=A1[C(1)+SI(1)] +A3[C(N)+SI(N)] +A2[- C(1)/2|x1|
+wS(1)/2-(w/2)CI(1)]+A 4[C(N)/2X2N+ 1 -wS(N)/2
+ (ca/2) CI(N)]
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CFSIN=correction for Fourier sine transform

= j (AI/x2+A2/x3)sincoxdx+ 5 (A3/x2+A4/x3)sincoxdx

=A1[—S(1)+CI(1)] +A3[S(N)—CI(N)] +A2[S(1)/2 Ix1I
+0) C(1)/2 +(co/2) SI(1)] +A4[S(N)/2x2N+ 1 +a) C(N)/2
+(w/2) SI(N)]

where S(l)=Sin(w|x1I)/IX1I C(1)=COS(wIX1I)/IX1I
S(N)=Sin(a) x2N+1)/x2N+1 C(N)=COS(CUX2N+1)/X2N+1

SI(1)=a) Si(a)|x1|) CI(1)=coCi(w|x1|)

SI(N)=a)Si(a)x2N+1) CI(N)=wCi(cox2N+1).

ii) Dipping Dyke

At large values of x, we can write that,

arctan [(x — D + T)/Z] —— arctan [(x — D — T)/Z]
: arctan [2 TZ/(Z2 + (x — D)2 + T2)]
= arctan (2 TZ/xz) = 2 TZ/x2

and
(x—D+T)2+Z2 _ 1 (x+T)_ (x/T+1)_4T

n(x—D—T)2+Z2_ n(x—T)—
Substituting these in Equation (3), we may show that the magnetic anomaly due
t0 a dyke varies according t0 the equation

AV(x)=A1/x+A2/x2 from x=—oo t0 x=x2‚
and

AV(x)=A3/x+A4/>c2 from x=x2N to x=oo.
Based on the first two and the last two anomalies on the profile, A1 t0 A 4 can be
solved. Then,

CFCOS=A1 CI(1)/a)—A3 CI(N)/co+A2[C(1)+SI(1)] +A4[C(N)+SI(N)]

CFSIN = —A1 SI(1)/a)—A3 SI(N)/w+A2[—S(1)+CI(1)]+A4[S(N)

—CI(N)]

iii) Fault

For the fault m0del, it can be shown that the anomaly varies according t0 the
equation

AV(x)=A1/x+A2/x3 from x=—oo t0 x=x2‚ and
AV(>c)=A3/x+A4/x3 from x=x2N t0 x=oo.
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The corrections can be finally worked out as:

CFCOS:A1 CI(1)/CÜ_A3 CI(N)/CÜ

+A2[- C(1)/2|X1I+w5(1)/2-(w/2)C1(1)]
_ +A4[C(N)/2x2N+1-wS(N)/2+(w/2)CI(N)]

CFSIN = —A1 SI(Ü/CÜ—As SI(N)/CÜ
+A2[—S(1)/2 |x1l+co C(1)/2+(co/2) SI(1)]

+144 [S(N)/2x2N+ 1 +0) C(N)/2+(CÜ/2) SI(N)]

Method of Analysis and Examples

For any given magnetic profile, the Fourier transforms FCOS(w) and FSIN(a))
can be calculated by numerical integration for different values of a). From these
data we can determine the various parameters of the model.

i) Horizontal Circular Cylinder

The amplitude spectrum for this model can be obtained from Equation (2) as

FT(w)=1/FCOSZ(w)+FSIN2(w) =n C1 a) eXp(—Zco). (7)
The amplitude spectrum FT(c0) shows a maximum at a) =comax given by Z
=1/comax from which the depth can be found out. If a) is expressed in radians per
station spacing, Z is obtained in units of station spacing. The value of C1 is then
solved from any one value of F T(co) by substituting the value of Z thus obtained
in Equation (7). Alternatively, a new function F (w) can be worked out from the
amplitude spectrum as defined below:

F(co)=FT(a))/w=7r C1 exp(—Za)).

This, when drawn on a semi-logarithmic paper, appears as a straight line having
a slope of ——Z and cutting the ordinate at 7: C1. CD may be determined from the
relation, <P=arctan[—FCOS(0)/FSIN(O)]. An alternative procedure may also
be followed to calculate D and d5. The ratio —FCOS(w)/FSIN(w) is calculated
for different values of a). Then the quantity arctan[—FCOS(co)/FSIN(co)] when
plotted against a) gives a straight 1ine defined by (D +Dco. This straight line has a
slope of D and cuts the ordinate at CD. (D in the correct quadrant may be finally
worked out from the signs of FCOS(a)) and FSIN(a)).

Figure 2 shows as an example the interpretation of magnetic anomalies over
a cylinder. The magnetic profile, the transforms FCOS(a)) and FSIN(a)) along
with the Fourier spectrum FT(co) and the function F (c0) are also indicated in the
figure. The theoretical values of these functions over the range of a) considered,
coincide with the corrected transforms and consequently are not shown. The
various parameters calculated from these functions are as follows: Depth=5
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units (assumed value=5 units), <D=199 degrees (assumed value=200 degrees)
origin= 1.98 units (assumed value=2.00 units).

ii) Dipping Dyke

For the dyke model, the amplitude spectrum is given by

FT(w)=(27z CZ/w) exp(—Zco) |sin(Tco)|.

A new function F (c0) can be calculated as follows:

Fi(co)=FT(a)) xco=27r C2 exp(—Za)) |sin(Ta))|.

(8)

(9)
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The function F (c0) is zero at points defined by Tw0=nn(n=0, l, 2, ...). In
practice the zero points will not be brought out on the F (c0) curve because this
function can never be negative and thus has no cross-overs. However, the zero—
points will appear as ‘sharp minima’ on the F (c0) curve and can therefore be
easily identified. Figure 3 shows the functions F (c0), FCOS(w) and FSIN(a))
calculated for a theoretical anomaly profile over a dyke having 2T=4 times the
station spacing and Z :2 times the station spacing. The anomaly profile used
for numerical integration is shown in Figure 3(A). In Figure 3(B), the functions
F (w), FCOS(co) and FSIN(w) for this profile are shown. The funetion F (c0) is
ealculated both from the correeted and uncorreeted values of FCOS(co) and
FSIN(a)) and is plotted separately. The function F (w) is also calculated theoreti-
cally by substituting Z :2 and T22 in Equation (9), and shown as open circles
in the same figure. It can be observed from this figure that the F (w) —co curve as
derived from the uneorrected values of FCOS(a)) and FSIN(a)) is highly oscil-
latory and does not give any useful information. Also the uncorreeted values of
F (c0) deviate too much from the theoretical values for all values of a) greater
than one radian per station spacing. In contrast to this, the corrected values of
F (w) show a consistent trend. They also agree Closely in magnitude to the
theoretical values upto a) = 3.2 radians per grid spaeing. Figure 3 thus brings out
the importanee and need of applying the correction to the numerieally evaluated
transforms, and shows the extent to which the evaluated transforms are
improved.

To determine T, we can use any one of the values of wo, at whieh the
function F (c0) vanishes. If wo is the position of the first zero-point, then,

T= n/coo. (10)
If wo is expressed in radians per station spacing, T will be given in station
spaeings. Alternatively‚ two consecutive values of w0(=w01 and 0002 say) can be
located to find out T by the formula, T=1c/(co02 —a)01). The use of this formula
may however be avoided because F (w) cannot be calculated very accurately at
higher values of a). Either of the two formulae determines T independent of Z, D
and C 2. Z ean be determined from the position of the maximum value of F (w).
This is maximum or minimum if

Z=Teot(Ta)max). (11)

Actually F (c0) shows many turning points and any value of comax eorresponding
to any one of these turning points may be used in the above equation to find out
Z. Because the funetion F (w) is obtained more aecurately at lower values of a), it
is preferable to use the location of the first turning point only for more aceurate
values of Z. Z is thus determined independent of C2, D and Q.

C 2 may be determined by substituting the values of T and Z thus obtained
in Equation (9), knowing F (w) for any given value of a). Q and C2 may also
be determined from the values of FCOS(O) and FSIN(O) beeause, from Equation
(4) it can be shown that, FCOS(0)=27: C2 TcosQ and FSIN(O)=27: C2 Tsin Q.
Alternatively, the relation aretan[FSIN(a))/FCOS(co)] =Q +Dco is a straight
line having a slope D and intersecting the ordinate at Q. Although this prop-
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erty is valid for all values of a), calculation of the quantity
arctan [FSIN(a))/FCOS(a))] shall be limited to small values of a), particularly in
the interpretation of field profiles. This is because the functions FSIN(a)) and
FCOS(a)) are not very aceurate at higher values of a), as we have already noted
above. Also geological bodies do not fit perfectly to a dyke model and do not
have a uniform magnetisation throughout their volume.

The values of Z, T, Q and D as calculated from the above rules of
interpretation for the profile shown in Figure 3(A) are as follows: Thickness
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=4.0 units (assumed value=4.0 units), Depth= 1.94 units (assumed value=2.00
units), Q=120 degrees (assumed value=120 degrees), and D= 201 units (as-
sumed value= 2.00 units).

Figure 4 shows the interpretation of a field example of vertical magnetic
anomalies observed over a dyke-like body by the method of Fourier transforms.
Figure 4(A) is a magnetic anomaly profile taken over an outoropping quartz-
magnetite dyke-like body of thickness 80 ft in Karimnagar area, Andhra Pra-
desh (Subba Rao, 1974). The transformed anomalies of this profile, both
corrected and uncorrected, and the function F(c0) are also shown in the figure.
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The corrected transforms are interpreted by the application of the rules cited
above. The profile is also interpreted on the computer by the method of
iteration of Rao and Radhakrishna Murthy (1973). The values obtained for
various parameters are as follows: Thickness=74 ft (by iteration 75 ft), Depth
=6 ft (by iteration 9 ft), Q = 86 degrees (by iteration 85 degrees), and D = — 1.8 ft
(by iteration —2.3 ft). It may be observed that the results obtained by Fourier
transformation and also by the method of iteration mentioned above are close
to eaoh other.

iii) Fault

The expressions for the Fourier cosine and sine transforms of the magnetic
anomalies over faults are given in Equation (6). To calculate the various
parameters, we evolve a new function F(w) defined as

F(a))—-a) FT(a))=co [FCOS‘2(a))+FSIN2(co)]1/2
=7z C3 [exp(—-2Z2 a))+exp(—ZZ1 c0)

—2 exp(—21 +Z2 c0) cos(Ta))]1’2.

At large values of a), this beoomes, F(w)=7r C 3 exp(—Z1 c0), Showing that the
F(w) versus a) curve, when drawn on a semi-logarithmic paper, degenerates into
a straight line. The slope of this straight line gives —-Z 1. The intercept of this
straight line on the ordinate is equal to 7: C 3 and hence C 3 can be calculated.
The relation '

arctan [— FCOS(w)/FSIN(a))] = Q + D c0

is a straight line at large values of a), corresponding to the straight line portion
of the function F (c0). From this straight line, Q and D can be calculated. To find
out the other parameters, we may determine the values of FCOS(O) and
FSIN(0)‚ which are given by

FCOS(0)=7I C3 [Tcos Q+(Z2 ——Z1)sin Q] =1c C3‚(Z2 —Zl) cosec 0 cos (P

FSIN(0) =7c C3 [Tsin Q—(Z2 —Z1)cos Q] :7r C3‚(Z2 —Z1)coseo 6 sin (I).

From these, the parameters qb, 6 and Z2 can be worked out by the relations

(P = arctan [FSIN(0)/FCOS(O)]‚ 9 = Q — (P
and

22 z (sin 9/7: C3)1/FCOSZ(0)+ FSIN2 (0) + Zl.
Figure 5 shows an actual example of magnetic fault interpretation worked

out by the method of Fourier transforms. The function F(w) as obtained from
the uncorrected values of FCOS(a)) and FSIN(co) is also plotted to bring out
again the need of applying the ‘end corrections’. The values of the various
parameters interpreted from the corrected transforms along with the assumed
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values are as follows: Z1 =2.04 units (assumed value=2.00 units), Z2 27.90 units
(assumed value = 8.00 units), D = 1.92 units (assumed value =2.00 units), d5
= 149.8 degrees (assumed value = 150 degrees), and 9: 62.7 degrees (assumed
value z 60 degrees).

Discussion

This paper does not advocate any superiority of the method of Fourier trans-
forms over the other methods of interpretation of magnetic anomalies of simple
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geometric models. It only studies the possibility of interpreting these anomalies
in a generalised case where the magnetisation is not by induction and when the
position of the body is not known. By deriving both the sine and cosine
transforms, it is shown that both the direction of magnetisation and the position
of the body oan be easily determined. ‘End corrections’ are suggested, probably
for the first time, to improve the sine and cosine transforms obtained by
numerioal integration of the anomalies over a limited length of the profile. It is
observed that without application of these oorrections, the derived transforms
tend to be highly oscillatory and any information obtained, there from may not
be reliable. It is also observed in this analysis that even the corrected transforms
tend to deviate from true transforms for a) >2.0. However, this will not affect the
interpretation because all body parameters are deduoed at lower frequencies.
The validity of the expressions, representing the anomalies outside the length of
the profile is verified by calculating a few anomalies from these expressions and
comparing them with those by the exaot formulae. Further, the constants A1 to
A4 were determined from the edge anomalies, with and without application of
the procedure of least-squares, and it was found that the application of the least-
square procedure does not improve the values of these constants.

The following advantages are usually mentioned for the method of Fourier
transforms: (a) All anomalous field values are taken into consideration during
analysis, (b) calculations of derivatives and continuation to different levels are
easily carried out in the frequency domain than in the spaoe domain. In addition
to the above, we observe in this paper two interesting applioations of the
method of Fourier transforms. The first is that the shape of the function F (c0)
depends on the shape of the body, and consequently it can be determined. F (w),
when plotted, against a) on semi-logarithmic paper is a straight line for the
cylinder, a curve Showing a series of maxima for the dyke, and a curve Showing
a maximum and then degenerating into a straight line for a fault. The seoond
relates to the interpretation of magnetic anomalies of faults. We are not aware of
any simple and standardised method of interpreting the magnetic anomalies of
arbitrarily magnetised faults. The difficulty is due to the large number of
parameters to be obtained from the anomalies. In contrast to this, all the
parameters of the model can be solved very easily, at least theoretically, by the
method of Fourier transforms.
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of Inverse Problems
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Federal Republic of Germany
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In geophysics an Earth model is usually understood t0 mean a finite number of
functions of the position vector r representing the distribution of some physical
properties within the Earth. In 1972, Parker proposed that a kind of “extreme
model” might be the type of information that should be extracted from data
(observations) too limited t0 allow inversion t0 a meaningful Earth model by the
Backus-Gilbert inversion technique (Backus, Gilbert, 1967, 1968). Such a model
is extreme in the sense that it places bounds on the properties of all Earth models
complying with a set of given data. In this way Parker showed, for instance, that
n0 Earth model with mean density ‚5 and ratio

y = 51/(2 MRZ)
(where I, M, and R denote moment of inertia, mass, and radius of the Earth,
respectively) can have a maximum density lower than

po=fiy‘3/2- (1)
It is the purpose of this note to show, via the example of the density distribu—

tion within the Earth, that this idea of handling inverse problems can also be
implemented by means of the maximum entropy method (Rietsch, 1977).

According t0 this latter paper (Eq. (57) with N —> oo) the expectation value
of the density has the form (with slightly modified notation)

fi(X)=pl+ 1/h(X)-Ap/{€Xp [Aphbo] - 1} (2)
where x = r/R. The abbreviation h(x) stands for

h(x): 71+ ‚12X2. (3)
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The Lagrange multipliers ‚11 and 12 are t0 be determined in suCh a way that
ß(x) satisfies

50€) X2 dX=fi/3
OhH _ (4)

p<x>x4dx=yß/5.
OQH

It is a particular feature of this expectation value of the density that it has been
derived with the assumption, that all possible density values within the Earth
are bounded by a lower density limit p, and an upper density limit Pu= pl+A p.
In general, the range of possible values of the density extends from zero t0 some
maximum density which is usually high enough to make Aph(x)>1 and hence
render the last term on the right hand side of Equation (2) negligible.

The density distribution computed from Equation(2) with this assumption
and ‚01:0 and 1 g/cm3‚ respectively, turned out t0 be in good agreement with
established density distributions employing additional information.

This is, however, just one way of using Equation (2). An alternative applica-
tion of this equation is to ask for the lowest possible value of ‚Ou for a given p,.

Apparently pu attains this lowest possible value if

‚5(x):p„ for some x, (5)

i.e.‚ if the expectation value actually reaches the upper density limit. If in this
Gase ‚5(x) still allows Equations (4) t0 be satisfied, it is the density distribution
with the lowest upper density limit that complies with the given data.

Explicitly, condition (5) reads

Ap:1/h(X)-Ap/{6Xp[Aph(X)]-1}. (6)

It is satisfied for

1/h(x)—>0‚ exp [Aph(x)]—->0‚ (7)

and, since fi(x) is a monotonic function of h(x)‚ this is the only solution.
Let

‚11-—- —Äcos (p, ‚12:1 sin (p, ‚1=(‚1f+15)1/2. (8)

Then h(x) can be written as

h(x)= — ‚1(cos cp —x2 sin 40),

and, for ‚1—> oo, we get

_ for cos<p—x2 singo<0
p(x)= pl

2 . (9)Pu for cosgo—x Sin(p>0.
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This means ‚5(x) is diseontinuous at some x0=]/ eot q). Confining our attention
t0 the case

'

fi(x)={p“ 05““ (10)
we get by substituting (10) for [3(x) in Equations (4)

X?) p„+(1—Xä) [91:5
5 5 — (11)xop„+(1-xo)pz=yp.

Elimination of x0 from these equations leads t0

pu=pz+(fi—pz)5’2/(yfi-pz)3’2 (12)
which reduces t0 Equation (1) for ‚01:0.

Though demonstrated for this particular example only, the method is, of
course‚ applieable to any other inverse problem of this kind. It is perhaps also
appropriate t0 point out that extreme models obtained in this way are independent
of the particular prior probability distribution provided it does not vanish at
the upper and/or lower limits of the admitted function values.
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this paper.
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Macroseismic Intensity Map
of the Federal Republic of Germany
for the Friuli Earthquake of May 6, 1976
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The earthquake of May 6, 1976 in Friuli, Northern Italy, with magnitude Ms:
6.5 and mb:6.0 (US Geological Survey, Colorado) and macroseismic intensity
IO:X was felt over a large area in Central Europe (Karnik et al., 1976; Karnik
et al., 1977). The macroseismic map of the FRG (Fig. 1) shows only a small
part of the whole shaken area, but gives detailed information on observations.

These observations are not as complete and well distributed as they could
be, since at the time of the earthquake only few newspapers were available
for some days due to a strike. Therefore people could not be asked this way
to send us their observations; only the knowledge about the effects north of
Hannover results from a call in a small regional newspaper. Most data from
Bavaria ensue from letters to the Geophysical Observatory in Fürstenfeldbruck
after an announcement in the regional Bavarian television. The rest of the
observations are from people who had been disturbed and than had called
by telephone a poliee-station or a geophysical Observatory. Inaceurate reports
had been reexamined by maeroseismic lists of queries.

The observed effects are elassified aceording to the macroseismic scale MSK
1964. Because of strong long—period waves, resonances of multi-story buildings
have been observed, which cannot be classified in MSK values. Therefore only
reports from first and second floor were used.

At larger distances—and even in towns North of Hannover—free suspended
objects like lustres oscillated for up to some minutes. It can roughly be supposed
that these last effects have been observed in most parts of Germany. If only
these oscillations were reported, the intensity value II was attached.

According to Figure 1, the area near the southern border of Germany was
shaken with an intensity of V and nearly the whole Molasse basin with an
intensity of IV. Due to missing data the ehange from intensity III to II cannot
be established very accurately and for the same reason an effect of geological
structures upon macroseismie intensities cannot be attached. Roughly one can
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say that between the rivers Danube and Main an intensity of III was obscrved,
while North of the river Main only intensity II was reached.

Acknawiedgemems. We thank L. Ahornar, Bensberg, providing us with a list of macroseismic
reports and all persons who contributed with their Observations t0 this investigation
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In Memoriam Ulrich Fleischer

Am 4. 7. 77 verstarb Ulrich Fleischer, Leiter der Abteilung „Marine Geophysik“
am Deutschen Hydrographischen Institut, Hamburg, an einer Herzattacke. Je-
der, der ihn kannte, wußte, daß er seit seiner Nierenerkrankung nur unter
schweren gesundheitlichen Belastungen seinen Dienst versehen konnte. Alle Kol—
legen und Freunde bewunderten ihn wegen seiner dennoch ungebrochenen Schaf-
fenskraft. Noch am Tage seines Todes hat er im Institut normal gearbeitet.

Ulrich Fleischer wurde am 12.9.1927 in Neuglobsow in der Mark Branden-
burg geboren. In Brandenburg besuchte er die von-Saldern-Oberschule bis kurz
vor dem Abitur. Wie so viele seines Jahrganges wurde er noch in der letzten
Phase des Krieges zum Dienst verpflichtet. Bevor er nach dem Krieg in Göttingen
mit dem Studium begann, mußte er die Abiturprüfung nachholen.

Sein Interesse für die Naturwissenschaften hatte sich schon sehr früh gezeigt.
Von Freunden wissen wir, daß er schon während seiner Schulzeit in Brandenburg
selber ein Fernrohr baute und daß er in der Schulzeitung astronomische Fragen
behandelte. So schwankte er auch während der ersten Semester in Göttingen
zwischen Astronomie und Geophysik. 1954 promovierte er bei Julius Bartels
mit einer Arbeit über erdmagnetische Tiefensondierungen. Er schloß zum ersten
Mal aus charakteristischen erdmagnetischen Baystörungen auf die Existenz eines
Erdstromes im tieferen Untergrund Norddeutschlands, woraus er eine Leitfähig—
keitsanomalie im Raum südlich Bremen folgerte. Ulrich Fleischer war einer
der ersten, der bei diesen Arbeiten mit dem damals neu entwickelten Askania
Variograph auf mobilen Stationen im Raum zwischen Göttingen und Wingst
arbeitete. Nach einer kurzen Tätigkeit am Amt für Bodenforschung in Hannover
war er von 1955 an (im In- und Ausland) Leiter einer Meßgruppe der Firma
Seismos.

1959 ging er zum Deutschen Hydrographischen Institut und war zuletzt
Leiter der Abteilung „Marine Geophysik“. Während dieser für ihn wissenschaft—
lich so fruchtbaren Zeit war er maßgeblich an der Entwicklung der seegravimetri—
schen Methoden beteiligt. Er war einer der Pioniere der antiparallelen Anord—
nung der Askania GssZ Gravimeter zum Eliminieren des Cross-Coupling-Effekts.
Unter seiner Leitung wurde das erste Gss3 Gravimeter getestet, das seitdem
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allgemein in der Meßtechnik benutzt wird. Ulrich Fleischer nahm an zahlreichen
Forschungsfahrten im Mittelmeer, dem Roten Meer, der Nordsee, dem Atlantik
und der Labrador See teil, die er zum Teil selbst vorbereitet hatte. Seine Arbeiten
reflektieren diese Unternehmungen. Sie befassen sich mit den großen Anomalien
unserer Erde. Seine Beiträge über das Gebiet um Island und den Reykjanesrük-
ken, die untermeerischen Tafelberge der großen Meteorbank südlich der Azoren
und über die Schwerestörungen im Mittelmeer tragen wesentlich zur Kenntnis
dieser aktiven Zonen unserer Erde bei.

Ulrich Fleischer war mit Annelies, geborene Brauer, verheiratet. Er verstarb
wenige Tage vor seiner Silberhochzeit und hinterläßt einen Sohn und zwei Töch—
ter.

Wir alle verlieren in Ulrich Fleischer einen immer aktiven, stets einsatzberei-
ten und menschlich sympathischen Kollegen und Freund. Ulrich Fleischer
war Mitglied der DGG, des Forschungskollegiums Physik des Erdkörpers, der
EAEG und der Internationalen Gravimetrischen Kommission.

Hannover, Dezember 1977 H. Dürschner



|00000295||

Journal ofJ. Geophys. 44, 283 —296‚ 1978 _Geophysms

Weak Earthquakes in the Northem Part
of the Rift Zone of Iceland

S.M. Zverev, S.A. Boldyrev, V.Yu. Bourmin, and V.I. Mironova
Institute Physics of the Earth, Bolshaya Gruzinskaya 10, Moscow B242, USSR

Abstract. More than 900 microearthquakes were recorded during 2.5 months
in the summers of 1972—73 by a network of 7 automatic seismic stations in
the northern part of the rift zone of Iceland.

The more permanent activity was found in the rift zone near the shore of
Axarfiördur and on the oblique Husavik fault zone, as well as under the sea
north-west of the land rift zone. The focal depths range from 3 to 8—13 km
under the land rift zone and Husavik fault and increase to 20—30 km under
the sea. Most of the foci in the rift zone are situated within the blocks
between the vast fissure swarms. The focal solutions here reveal the domi-
nance of horizontal compressive stresses oriented E—W.

These results are discussed together with 0ther data from Ioeland. In
particular, the focal solution is given for the strong earthquake (M =6.4)
which took place in the region of our investigation in January 1976. The
orientation of compression for this and other strong earthquakes is approx-
imately perpendicular to that of the microearthquakes of this study and
coincides with the stress orientation measured by Hast (1969) in rocks in
shallow boreholes. The compressive stresses are oriented in general per-
pendicular to the isolines of the Bouguer anomaly (Einarsson, 1954). This
probably ShOWS some interrelation between the origin of the gravity field and
that of the stresses, which are released through strong earthquakes. The
discharge of the main stress occured in weak places and is often accom-
panied by the revival of the fissure swarms. The weak seismicity during the
time between the strong shocks is probably connected with the redistribution
of the stresses in smaller areas. In partieular, our results in the north of
Iceland could be explained by the development of the depression on the shelf
between the shore and the continuation of the submerged Kolbeinsey ridge.

Key words: Iceland rift — Foci —— Section mechanism structure.

Introduction

‚Ioeland and the North Atlantic have lately become vast geodynamic test areas,
where the key problems of modern geology are being unfolded. Recent hopes

O340-062X/78/OO44/0283/502.80
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that Iceland is just anuplifted part of the Mid-Atlantic Ridge were, however, not
justified, and it is now generally acknowledged that Iceland and the adjacent
regions have a specific, anomalous structure. As the problems of plate tectonics
are elaborated in and around Iceland in variants and the details grow in
complexity (see e.g., Kristjansson, 1974), it becomes evident that it is necessary
to‘ break through the limitations of the standard set of experimental data and to
pass oVer to a new and higher level of geological-geophysical observation. An
effort in this direction has been made by the Geodynamic Expedition of the
Academy of Sciences of the USSR, which has been working in and around
Iceland since 1971 (Beloussov and Milanovsky, 1976).

The processing of observed material, obtained by extensive and complex
geological-geophysical methods, is still incomplete and, therefore, as yet not
available to the greater part of the scientific community.

The present paper discusses the basic results of seismological studies carried
out by the Geodynamic Expedition of the Academy of Sciences of the USSR in
Iceland in 1971—73. The choice fell on Northern Iceland as the major subject of
research because here we can see clear evidence of modern volcanism and
riftogenesis, and a very complicated interrelation between the rift zone of the
island and the oceanic Kolbeinsey ridge. Northern Iceland is scarcely studied
compared to the southern and south-western part of the island, where extensive
seismological researches were undertaken by Icelandic and American scientists.
(e.g. Klein et al., 1973.)

Some Geophysical Data on Iceland

Extensive multidisciplinary studies were carried out in Iceland during the last
few years. Here we mention some of them as they deal with the earth’s crust and
mantle and with seismieity.

The Bouguer gravity map is shown in Figure 1. This map is taken from an
old paper (T. Einarsson, 1954), but more recent surveys generally confirm it (G.
Palmason, personal communication 1975). The axial symmetry and the Bouguer
minimum in the centre of Iceland have been explained as being caused by the
low density mantle column existing to depths of 200 km (Long and Mitchell,
1970). Deep seismic sounding shows a thick crust under north—eastern Iceland
(Zverev et al., 1976), and combined interpretation of seismic and gravity data led
us to the conclusion that the Bouguer minimum is connected with the depres-
sion of normal density mantle under Iceland to depths of 50—60 km (Zverev et
al., in press). A somewhat different interpretation has been advanced by Bott (in
Kristjansson, 1974).

The map of the earthquake epicenters with mbg4.0, determined by the
world wide standard seismograph network is shown in Figure 1. Open circles
represent foci between 1954 and 1963 (Sykes, 1965); shaded Circles show ISC
and NEIS data for 1964—1976.

Data summaries of the seismicity of Iceland were published by Sykes (1965),
Ward et a1. (1969), Ward and Björnsson (1971), Ward (1971), Palmason and
Saemundsson (1974), Bjornsson and Einarsson (1974), Einarsson (1976). The
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detailed investigations of the Soviet expedition in 1972—73

geographical distribution of earthquake foci and their deviation from the
general strike of the Mid-Atlantic Ridge was an important reason for the
suggestion of the presence of two transverse (transform) faults south and north
of Iceland (Sykes, 1967; Ward, 1971).

The analysis of epicenters indicates that transverse faults in the southwest of
the island and along the northern coast are lacking the distinction of transform
faults. We prefer t0 suggest the existence of two seismoactive zones an the island
approximately corresponding t0 two branches of riftogenesis. These two zones
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are joined north of Iceland in the Kolbeinsey region, and continue northward
along the submerged ridge. The data collected on the seismicity during more
than 20 years (see Fig. 1) testify that the seismoactive zones are traced across
Iceland with significant gaps, and this distinguishes the island from the adjacent
parts of the Mid-Atlantic ridge.

The microseismicity of Iceland was studied by Icelandic and American
scientists. Thirteen local zones of microearthquakes were established, all of them
situated within the modern rift zone (Ward et al., 1969). These data can be
compared with the results of bottom seismic observations in the rift valleys of
submarine mid-ocean ridges. Such observations were carried out in 1971 off the
coasts of Iceland on the submarine Reykjanes and Kolbeinsey ridges by the
staff of the Soviet Geodynamic Expedition on the research vessel “Akademik
Kurchatov”. Weak local earthquakes, specific for rift valleys or their slopes,
were discovered everywhere on submarine ridges. Observations on Carlsberg
Ridge in the Indian Ocean (Neprochnov et al., 1969) and on the Mid-Atlantic
Ridge in two regions (Francis and Porter, 1972; Spindel et al., 1974) were
similar. On the other hand, seismicity studies in Iceland revealed that micro-
earthquake occurrence is not universal but local, which in general indicates a
weaker manifestation of seismic activity on the island than on submarine ridges.

The available mechanism solutions for some of the earthquakes and for
groups of mieroearthquakes are also presented in Figure 1. The solid arrows
indicate the direction of the principal compressive stresses. These compressive
stresses are always Close to horizontal. For the two strongest earthquakes on the
north shore of Iceland (M >6.0) it is possible to observe the same feature. For
the earthquake in the western branch of the seismoactive zone (B see Fig. 1)
(Sykes, 1967), one of the nodal planes is with good accuracy parallel to the strik‘e
of this branch (N 25°). For the earthquake of 1976, situated in the eastern branch
(F, Fig.1), the nodal planes are well concordant to the strike of this eastern
branch (N 315°). For the weaker earthquake north of the eastern branch (E,
Fig. 1) (Einarsson, 1976), the distribution of the signs of P-wave arrivals does not
contradiot such a feature.

The data on the orientation of compressive stresses in the foci of strong
earthquakes agree comparatively well with stress vectors measured in rocks
(Hast, 1969) (see Fig. 1). The compressive stresses at depth (from earthquakes
data) and at the surface (Hast, 1969) are approximately perpendicular to the
Bouguer isolines and they are oriented toward the center of Iceland. Exceptions
are two examples of microearthquakes: C (Ward et al., 1969) and D (this paper)
(see Fig. 1).

Region of Research Purpose and System of Observations

In 1971 our expedition carried out a reconnaissance survey of seismicity of
Northern Iceland, as the result of which a high seismicity region was determined
near the Tjörnes peninsula where a network of stations was set up for temporary
observations (Fig. 2).

It was the purpose of the observations to determine the peculiarities of the
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seismic activity in space and time, i.e. t0 determinate the focal coordinates; the
energy characteristics, focal mechanisms and, finally‚ t0 establish the relation-
ships between modern seismicity and tectonics and t0 compile the distribution
model of elastic stresses in the region studied.
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The Tjörnes peninsula and its environs were the major object of seismologi-
cal research. As stated above, this region is located on the eastern branch of the
seismoactive zone (see Fig. 1) associated with the Mid-Atlantic Ridge.

According to geolociacl data, Tjörnes peninsula is a block of the Tertiary
and Quaternary basalts, joined to the western edge of the rift zone of Iceland
and bounded in the south by the large Husavik fault (Saemundsson, 1974). The
structures of the peninsula, as those of the adjoining bays Skjalfandi and
Axarfjördur in the west and east, can be traced northward below sea level and
are then cut off by the shelf edge.

During the reconnaissance in 1971 the larger part of the epicenters was fixed
in the Husavik fault area and, therefore, in 1972 the network of stations was set
up in View of the best determination of the focal parameters of these earth-
quakes (see Fig. 2). In 1973 the area of study was extended and the network of
stations had the form of a triangle 30 x 40 km.

Equipment

Seismic observations in Iceland and at sea around Iceland were carried out with
the aid of automatic seismic stations, designed at the Institute of Physics of the
Earth, Academy of Sciences of the USSR (Zverev et al., 1971). In 1972 and 1973
the three-component stations had identical instruments; the seismograph NS P-3
with TO =O.7 s was used as the detector. The Signals were automatically recorded
on magnetic tape. A tape lasts 5—7 days. The speed of the tape was 0.47 mm/s
and the frequency band of the recording channel was 5—13 Hz. The lower
sensitivity level of the band was given by the microseismic baekground of
displacement, on the average, N0.8- 10'9 m; the upper limit of undistorted
recording was determined by the dynamic range of the recording channel being
N70- 10’9 m for f= 10 Hz. Beside the three seismic ohannels, the magnetic tape
also recorded the coded Signals of quartz elocks, thus allowing the absolute
arrival time of the earthquake waves to be established with an accuracy of a few
hundredths of a second. Sensitivity control was achieved with the aid of the
calibrating generator, transmitted to the input of the recording amplifiers, while
time control was obtained by recording the Signals of the British radiostation
“Rugby” when switching on and off the automatic stations.

General Description of Observation Material

The conditions of installation and the microseismic background allowed us to
record a large number of shocks. The most favourable conditions were at
stations HFL and HDB (see Fig. 2), which recorded up to 80 earthquakes per
diem, and more than 300 earthquakes in total during 1.5 months of observation
in 1973. The least favourable conditions were at station LON, which recorded
only 20 events. The bulk of earthquake records had ts_p =0.7—5.0 s. The lag time
ts_p of the transverse wave relative to the longitudinal P-wave is in this case the
most convenient and objective function of distance. Since for most of the seven
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stations of 1973 the distribution of ts_p records was approximately the same, the
recording might be presumed to be optimal.

For most earthquake records the times of arrivals of P— and S-waves were
determined, as well as the maximum amplitude and the dominant osoillation
period for longitudinal and transverse waves and the sign of the first P-wave
displacement and the direction to the epioenter. However, not all earthquakes
were recorded by the entire station network. Rather often very weak oscillations
close to the level of the noise background were observed. Therefore, the
coordinates and the source depths were determined for only 41 earthquakes of
1972 and for 167 earthquakes of 1973.

Processing Technique of Observation Material

In the first stage, the coordinates of the earthquake foci were determined with
the aid of a computer program based only on ts_p times recorded by three and
more stations. In this case the velocity model was used, whioh was obtained for
the surrounding region by explosion seismology (Palmason, 1971). This cross-

section was transformed into an apparent velocity
VS_p=V

p (Table 1). The
—p—1
Vs

coefficient K = Vp/VS was determined by the sum of records of many earthquakes
at our stations with a precision of up to i002.

Table l. Velocity section assumed for determination of hypocenters of Icelandic earthquakes

H (km) V. (km/s) Vp/V. V.-. (km/s)
0—1.0 2.5 1.72 3.5

1.0—3.5 4.6 1.72 6.4
more than 3.5 6.4 1.72 8.9

The standard error of the instrumental hypocenter determinations within the
perimeter of the station network is 0.1—O.6 km; for remote earthquakes it
inoreases to 1.0—3.0 km.

The magnitude of the earthquakes mSH was evaluated on the basis of the
body waves SH according to the relationship mSHzlg (A/T)max+0(R). As the
calibrating function 0(R) we took the one for European earthquakes at small
epicentral distances (Christoskov, 1969). For our purposes this function was
approximated by logarithmic ourves:

a(R)=1.98-lgR—1.05.
Instead of the epioentral distances A in degrees we used R in kilometers. The
standard deviation of the experimental points from the approximating curve is
about 0.1. The acouracy of magnitude determination is evaluated to be 0.3.
Beside the magnitudes the energy classes K (energy E:10K joules) were de-
termined by means of nomograms (Fedotov, 1972) for the longitudinal (Kp) and
shear (K8) waves.
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Map of Epicenters and Cross-Sections

The positions of the instrumental hypocenters are shown on the map (Fig. 2)
and on two oross-sections (Fig. 3). Figure 2 shows that there are two groups of
epioenters. One of them, in the form of a band, follows the Husavik fault and its
continuation in the rift zone. Here the most stable manifestation of seismicity
has been noted during the two observation seasons in 1972 and 1973. Within the
band the greatest concentration of epicenters was observed in the region of the
HUS station. The second group of epicenters is compact; it is located on the
coast of Axarljördur. This group lies on the oontinuation of the northern branch
of the rift zone. Here the activity is quite variable with time; in the summer of
1972 only a few single foci were observed, while in 1973 it was a dense group of
epicenters. Other earthquakes are scattered mostly in the sea area. A few single
epicenters were detected on the Tjörnes peninsula and on land west of Skjal-
fandi Bay.

The focal depths distributed along the Husavik fault, are from 2—3 to 10—
12 km (Fig. 3). Submarine earthquakes in the Skjalfandi Bay are much deeper:
(up to 20—25 km). Such depths were confirmed here by additional observations
in 1975, when one of the reoording stations was placed on Grimsey island. The
maximum foeal depth in general obviously increases in the north-western
direction. In the region of Axarfjördur (Fig. 3) the earthquakes occur mainly at
the depth interval from 3—5 to 17—20 km. Here the focal depths also appear to
increase toward N—W. On the eastern shore of Axarfjördur where the swarm of
strong earthquakes took place in late 1975 — early 1976, no event of mSH> — 1.0
was fixed during our observations in the summers 1972, 73 and 75.

The positions of the fissure swarms are shown in Figure3 after K. Sae-
mundsson (1974). These fissures trace vast tension zones. Most of the foci are
located outside of fissure swarms, Within blocks between them.

All foci are located in the seismic layer with the P-wave velocity of 6.4 km/s.

Earthquake Mechanisms

From the signs of the P-wave arrivals the mechanisms active in the foci have
been determined for various groups of earthquakes. The entire epicentral zone
was divided into four regions according to the temporal stability of the signs of
the first arrivals. For each of these regions a single mechanism for a group of
epicenters has been defined. The distribution of signs of the P-wave arrivals is
presented in Figure 4. The most reliable nodal planes could be drawn for the
first three regions along the Husavik faults. In the fourth region corresponding
to the group of foci at Axarfiördur the one-sided location of the stations
prevents a reliable determination of one of the nodal planes. On the whole, the
good eorrelation of data for different earthquakes indicates the stable character
of the fooal mechanisms of the selected groups of earthquakes. In all cases the
main compressive stresses are Close to horizontal mainly in the E—W direction.
The schematic focal spheres presented in Figure 2 show a gradual turning of one
of the nodal planes along the Husavik fault from west-north-west in the north to
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Fig. 4. Distribution of signs of fii'st motion of P-wave onsets on the Wulff grid (upper hemisphere)
for four epicentral regions (see Fig. 2); l: compression; 2: dilatation; 3: nodal lines

north-north-west in the south. This tendency seems likely t0 continue further t0
the south t0 the Krafla region, where according t0 the data by Ward et a1.
(1969), the strike of one of the nodal planes is almost north-south (see Fig. 1).

The maximum compression axes for the microearthquakes are approx-
imately perpendicular to the strike of the tension fissures (see Fig. 2) and t0 the
directions of the compressive stress in the foci of the strong earthquakes (see
Fig. 1), in partieular, the earthquakes of 13 January 1976. In Figure 5 the
distribution of the signs of the P-wave onsets for these earthquakes is shown on
the lower hemisphere. The data of more than 100 of the world network stations
were used. The main compressive axis is horizontal and has an azimuth of 355°.
If we suppose that the slip plane follows the strike of the eastern branch of the
seismoactive zone, the displacement is north for the western side of the fault. It
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Fig. 5. Distribution of signs of
first motion of P-wave onsets the
Wulff grid (lower hemisphere)
for the earthquake of 13 January
1976, mb =6.4. Solid circles
denote compression; open circles
dilatation

may be mentioned that the swarm of strong (mb=4.0—6.4) shocks 1975—76 on
the eastern part of the neovolcanic zone took place in the vicinity of Kopasker
Village. These shocks reveal the revival of the known fissure swarms in the rift
zone.

Seismic Regime of the Area

The analysis of the time variations of aetivity for the given area (Fig. 6)
demonstrates that on particular days the number of recorded earthquakes with
mSHgOÄ changes from 0 t0 10 and more. These variations are even strenger for
weaker earthquakes (msnä —0.3) which reaeh 40 per day.

Activation covered the entire research area simultaneously. Figure 6 repre-
sents the aecumulated and released energy (more exactly; Z KSH in earthquakes
with KSH_2_4.O‚ i.e. mSHä -0.3). These plots show that in the two most active
sites, the Axarfjördur region (a) and the Husavik fault zone (b), the activation
periods are displaced by 1—3 days, but they invariably have the same suecession
with stable, quiescent periods in between. The shocks started always in the
Husavik fault zone and then continued in the Axarfjördur region. For the group
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Fig. 6. Plots of ZKS accumulation for earthquakes with n40 (mm; —O.3) for the Axarfiördur
region (a), the Husavik fault region (b), and the north-western marine region (c)

of submarine earthquakes (c), where the probability of omissions is high, the
accumulation curve Z K does not have such a good correlation with the first two
regions. Apparently, the earthquakes of the most active regions, where 90% of
all shocks occurred, separated by an aseismic block, are to a considerable extent
connected with eaoh other. The similarity of focal mechanisms for both regions
and for the adjacent Krafla region supports this supposition.

Discussion of Results

The seismic activity in Iceland considerably differs from most of the submarine
regions of mid-ocean ridges. In the area of Iceland far fewer earthquakes are
recorded than on the ridges to the south and to the north of Iceland, and
besides, the earthquakes themselves are much weaker. The microearthquakes are
also localed only in small zones.

Most of the strong earthquakes in Iceland were observed near south-western
and northern shores. The largest number of earthquakes both strong and weak
occured as a result of the release of the near horizontal compressive stresses. In
all the strongest earthquakes and part of the microearthquakes these compres-
sive stresses are oriented approximately toward the centre of Iceland. Their
directions agree with the orientation of the stress axes in rocks determined by
overcoring (Hast, 1969) and they are approximately perpendicular to the
Bouguer anomaly isolines.

The fooal depths under Iceland do not exceed 10—12 km, but reach 17—20 km
under the northern shore and sometimes 20—25 km under the shelf. It may be
mentioned that some deep foci at 20—30 km depth were observed on the
southern side of Iceland by Björnsson and Einarsson (1974).
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We think that all the above data reflect large scale geophysical phenomena
in Iceland. Probably the shape of Iceland and its shelf, the gravity anomalies, the
generation and accumulation of the compressive stresses, revealed in the rocks
and in the earthquake focal mechanisms have a common origin at depth.

The stresses are first released in strong earthquakes in the weakest p1aces, i.e.
in the rift zones. The submerged rift zone runs from the north toward Iceland as
the single Kolbeinsey ridge. The seismic zone follows the ridge, but south of
Kolbeinsey it forks into two branches. The two seismoactive branches in Iceland
generally ooincide with the modern and ancient zones of rifting and volcanism.
The nodal planes for the strongest shocks coincide with the strike of these two
branches.

The attenuation of the rate of seismicity from the borders toward the middle
of Iceland should be discussed together with the crustal thickness. The in-
terpretation of explosion seismology investigations (Zverev et al.‚ 1976) shows
that in northeastern Iceland the normal mantle dips to depths of more than 40—
50km toward the centre of the island, and the combined interpretation of
seismic and gravity data led us to suggest a cap shaped depression of the mantle
under Iceland filled by the low density crust (Zverev et al., 1977). Taking this
into account, we oan tie the attenuation of seismicity in with the growing
thickness of the crust and its absorption properties.

The weak earthquakes give us another more local scale of geophysical
phenomena. In northern Iceland most of the microearthquakes fall in between
the vast tension zones of the fissure swarms (see Fig. 3). The vast fissures were
absolutely inactive in seismically quiet periods. The compressive stresses in the
foci were oriented normally to the strike of the fissures, i.e. the blocks were
compressed between the tension zones. The orientation of one of the nodal
planes for the different groups of foci very closely follows the variable strike of
the Husavik fault zone.

The above observations of focal depths increasing toward N—W, the surface
and bottom relief, the gravity and magnetic anomalies (Johnsson, 1974) could be
most easily understood by supposing an important role of the depression of the
shelf between the shore of Iceland and Kolbeinsey. The shape of this depression
is triangular with Kolbeinsey at the top and the base following the north shore of
Iceland. Its sides may be traced from the epicentres of the strong earthquakes
from positive magnetic anomalies, from outcrops of fresh basalts, and from some
bathymetric contours (Johnsson, 1974).

The base of the triangle is characterized by a large step in surface and
bottom relief, and by a local negative gravity anomaly (Palmason, 1974). The
active modern development of this depression, probably bordered by large fault
zones, can explain the above phenomena better than the suppositions of
transform faulting and large scale horizontal movement in this region (Sae-
mundsson, 1974).
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*

Abstract. Laboratory experiments, each lasting several weeks, have been
conducted to establish the eharacteristies of Visoous remanent magnetization
(VRM) in oeeanic basalts from many sites of the Deep Sea Drilling Program
(DSDP). VRM is most pronounced in low-coereivity basalts whose natural
remanences (NRM) have low median destructive fields, less than 100 Oe.
A simple logarithmic aequisition law is rarely obeyed, but two or three
distinct stages are instead observed, in each of which a logarithmic depend-
ence of VRM intensity on acquisition time may be assumed. This observa-
tion leads to a simple interpretational model for the nature of VRM in
DSDP basalts, but also implies that extrapolation of laboratory observations
to geological times is nOt meaningful. Instead, the ratio of laboratory VRM
(acquired in a 1 Oe field during 1000 h) to NRM is used as a minimum
indieator of the potential seriousness of VRM. Experiments show that VRM
aequired in the presence of NRM is more serious than VRM acquired
in alternating field (AF) demagnetized samples. As most published VRM
data in DSDP basalts were obtained after AF demagnetization, these are
regarded also as minimum estimates of the signifieanee of VRM acquired
by oeeanie basalts in situ. The eonsequenees of the common occurrence
of sueh an unstable component of magnetization in the oeeanie basalt layer
are considered in relation to the nature and distribution of oceanie magnetic
quiet zones. The Cretaceous, and possibly the Jurassic, magnetie quiet zones
are considered adequately explained by constant paleomagnetic field polarity.
However, if VRM is a substantial and widespread magnetization component
in the oceanie crust, it may not always be appropriate to interpret oceanic
magnetic anomalies (or their absence) as an exact record of paleomagnetic
field behavior. Remagnetization of the oceanic crust by VRM aequisition
may be a Viable alternative explanation of the origin of the marginal magnetic
quiet zones.

Institut für Geophysik, ETH Zürich, Contribution No. 200 Lamont-Doherty Geological Obser-
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Introduction

Sea floor spreading studies are based upon interpretation of marine magnetic
anomalies which are thought to derive chiefiy from magnetization eontrasts
in Layer 2 of the oceanic erust. The principal sources are usually ascribed
to the extrusive basalts in the uppermost 500 m (Layer 2A) (Talwani et al.,
1971; Atwater and Mudie, 1973) although it is probable that a substantial
part of the signal has souroes deeper in Layer 2 (Harrison, 1976; Lowrie, 1974,
1977) and perhaps even in Layer 3 (Cande and Kent, 1976). The Koenigsberger
ratios of most oceanic basalts whose magnetie properties have been studied
are generally greater than unity; that is the remanent magnetizations dominate
the magnetizations that can be induced by the present magnetic field. This
oondition fulfills one of the requirements of the Vine and Matthews (1963)
hypothesis, that the oceanic magnetic anomalies result from remanent magnetiza—
tion contrasts.

The rocks additionally must pass the usual paleomagnetic requirement that
they have high magnetio stability in order to preserve original remanent magne-
tization direotions over geologically long periods of time. The remanences of
many investigated oceanic basalts are in fact stable in the sense that they show
only minor intensity or directional variation when measured repeatedly over
laboratory experimental times, and also are resistive to alternating field (AF)
demagnetization.

Not all oceanic basalts display this high stability. Whereas the median de—
structive fields of stable basalts commonly lie within the range 100—1000 Oe,
a large proportion of the samples that have been investigated have median
destructive fields lower than 100 Oe (Lowrie, 1974). These unstable basalts show
a pronounced tendency during laboratory investigation to remagnetize in the
presence of a constant magnetic field by acquisition of Viseous remanent magne-
tization (VRM). If this can happen in the laboratory it can happen also to
the basalt in situ. For this reason it has been proposed that a possible explanation
for some oceanic magnetio quiet (or smooth) zones lies in the remagnetization
of the ooeanic crust in these areas by acquisition of VRM (Lowrie, 1973).

In light of the possible importance of VRM as a component of magnetization
of the oceanic crust it is desirable to establish the Characteristics of this re-
manence in oceanio basalts, and to understand what limitations are plaoed
on the VRM mechanism as a possible explanation of magnetic quiet zones.

VRM Characteristics in Oceanic Basalts

Since it was first suggested that VRM might be an important magnetization
component of the oeeanic orust in some areas (Lowrie, 1973), many studies
of VRM aequisition have been carried out on oeeanie basalts recovered on
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the different legs of the Deep Sea Drilling Project (DSDP). The main interest
in VRM has been t0 estimate its seriousness and most of the experiments
carried out have been similar in type. A select number of samples are left
at room temperature in a constant magnetic field of intensity usually in the
range 0.5 Oe t0 1 Oe, and the measurement of remanent magnetization is re-
peated at intervals over a period of generally 500 t0 2000 h.

Simple Logarithmic Acquisition of VRM

The properties of the natural remanent magnetization (NRM) of the basalts,
including their stability, have usually been of primary interest, and, as a result,
most VRM experiments on DSDP basalts have been initiated after AF demagne-
tization has Virtually eliminated the original NRM in the samples. Whether
the VRM is acquired by multidomain or by very fine, near-superparamagnetic
grains, the expected growth is logarithmic with time. Over intervals of time
(t) lasting several minutes t0 several tens of hours, the VRM grows according
t0 a law of the form

J(t) —J(0) = Slogt
where S, the magnetic Viscosity coefficient, depends on the magnetic field and
ambient temperature for a given sample. J(0) and J(t) are the initial remanence
and that after time t, respectively.

There is usually a fairly large amount of scatter in VRM acquisition data.
This may be due t0 uncontrolled temperature effects; a variation of a few
degrees can influence S by several percent. Moreover, the VRM is an extremely
unstable magnetization and it is possible that removing the sample from the
acquisition field to make a measurement can affect the remanence.

Another source of scatter is the effect of stress on the magnetization. A
high speed Spinner magnetometer of the Princeton Applied Research (PAR)
type exerts quite high stresses on the sample: at a distance of 1 cm from the
axis of rotation the centrifugal force is equivalent t0 9 g at 15 Hz (norce
of mean gravity), and t0 440 g at 105 Hz. The first reported observation of
VRM in DSDP basalts consisted of a dramatic decay of remanent intensity
during the measurement of NRM with a 105 Hz PAR Spinner in Leg 15 basalts
from the Caribbean Sea (Lowrie and Opdyke, 1973). The sensitivity t0 stress
of VRM in oceanic basalts was emphasized by Peirce et a1. (1974) who recorded
an abnormal change in VRM on lightly tapping a sample. It is therefore to
be expected that in such unstable samples the DSDP drilling process itself
may have a strong effect on the magnetization that is first recorded and analyzed
as NRM.

Because of the data scatter, and also because data are gathered at rather
infrequent intervals, a straight line is often fitted through all the points on
a semi-logarithmic plot so as t0 determine an average value of S for the period
of observation (Peirce et al.‚ 1974). This value of S has been used t0 extrapolate
t0 much longer times, specifically t0 700,000 years, the present duration of
the Brunhes p€ri0d of normal geomagnetic polarity, in order t0 estimate the
VRM that bould be acquired in that interval (Lowrie, 1973; Tarasiewicz et
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al., 1976). This method makes the assumption that the VRM acquisition is
a single-phase process and that observations made within laboratory experiments
can be simply extrapolated to geologie periods. This assumption is usually un-
warranted but the seriousness of VRM in many samples can often be demon-
strated without it.

Multi-Stage VRM Acquisition and Decay

VRM observations in whieh Closely spaced data have been aequired over a
long period of time indicate that in most DSDP basalts a multi-stage acquisition
proeess is involved. It is frequently possible to observe more than one of these
stages during an aequisition experiment in 1 Oe lasting 2000 h or less. In Leg
28 basalts, the semi-logarithmie plot was Clearly non-linear (Lowrie and Hayes,
1975). We have fitted many data sets with higher order polynomials up to
5th order but this has proved to be a rather fruitless exercise as it leads one
into the temptation of overinterpreting the acquisition curves. The data are
frequently well-statisfied by dividing them into three separate sections (Fig. 1b),
to eaeh of whieh a straight 1ine is fitted. The slopes of the straight line segments
have been calculated for a number of such experiments and it is found that
the slopes of segments 1 and 3 are approximately equal (Lowrie, 1974, Table 4).

A three-stage proeess is often not observed during the period of a normal
laboratory experiment, but in most cases a 2-stage VRM acquisition curve
is observed (Fig. 1a), with the slope in the second segment about two to three
times that in the first (Fig. 2). It is possible that the same Situation exists
here as in the three-stage case; if the experiment could be continued for a
sufficient length of time the third stage might be observed. The logarithmic
nature of the acquisition process limits the deductions that can be made to
those observable within a practieal length of time, and the possibility of addi-
tional stages at longer times can not be exeluded. Although the proeess can
be speeded up by using higher fields or temperatures, additional assumptions
have to be made that the results are still appicable under the ambient conditions
in the oceanic crust.

In eontrast to the acquisition of VRM in a constant field, Viscous relaxation
behaviour is also displayed by oceanic basalts under zero-field conditions. Sam-
ples whieh have been given a VRM in a 1.0 Oe field over a period of 1000 h
were placed in a zero-field space created by Helmholtz coils. Their magnetiza-
tions, observed over several hundred hours (Fig. 3), decayed in a manner also
involving several stages. Too few experiments have been carried out and data
are too sparsely distributed to establish whether the slopes of the different
parts of the VRM decay curves are correlated with the eorresponding slopes
of the VRM acquisition curves. On theoretieal grounds it is expeeted that
the Viscosity coefficient for VRM decay is the same as that for VRM acquisition
starting from the AF demagnetized state (Dunlop, 1973).

Comparison of VRM and NRM

It is evident from the above that, even if a simple semi—logarithmic relationship
is observed in the course of a laboratory VRM experiment extrapolation to
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geological periods of time is highly uncertain. Thus predictions of the amount
of VRM that may be acquired since the beginning of the Brunhes are entirely
speculative.

Frequently, however, DSDP basalts are so susceptible t0 VRM acquisition
that the NRM intensity is exceeded within the duration of a laboratory experi-
ment. For example, basalts from site 319A of Leg 34 acquired VRM intensities
equivalent t0 their NRM in times of only 9 t0 490 h in a 1 Oe field (Lowrie
and Kent, 1976).
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An effective method of comparing the VRM acquisition in a sample t0
its NRM intensity is t0 use a standard field for a standard length of time.
Most observers of VRM have continued their observations for at least 1000 h.
Fields used have been in the range 0.5 t0 1.0 Oe, in which the Viscosity coefficient
presumably varies linearly with applied field. It is, however, unsafe t0 correct



|00000315||

Characteristics of VRM in Oceanic Basalts 303

I.O
’5 y

= 0.575 oe. DSDP Site I38
m .

ä
<1

Core 7-I
".5 ““35--- Depth 79 cm

3 "‘Ussssss„_z
E l U" ‘U—--„
ä “—4-9
ä 05’ ““q. . . . . ‚ -

Flg. 5. Acqu1smon of VRM In the U F
presence of NRM in a DSDP basalt ä
sample. Sample was aligned so the E l Y

0
magnetic field (H20.575 0e) was ä '

parallel to Y-axis and the NRM lay g l 0 '
. l
1ntheX-Zplane 0 %.4„...1 A.Qg44„1 4 1 .

l IOO IOOO
Time (hours)

for this field variation (for the same reasons that acquisition curves cannot
be extrapolated) and data from authors who have not used a 1.0 Oe field
(Peirce et al.‚ 1974; Tarasiewicz et al., 1976) are incorporated without eorrection
in compiling a histogram of VRM (1000)/NRM values for lll basalt samples
representing 30 DSDP sites (Fig. 4). The median value of the distribution is
20%. The distribution is probably not truly representative of all DSDP basalts
since VRM investigations are usually carried out deliberately on those basalts
which display unstable Characteristies during measurement of NRM properties.
Nevertheless the histogram indicates that in 1/4 of the samples studied the
VRM aoquired in a few weeks in the laboratory exceeded 40% of the original
NRM intensity. Moreover, these 30 sites represent 40% of all DSDP sites up
to Leg 41 for which basalt magnetic properties have been published. Their
ages range from a few million years (site 332 B) to 150 million years (site 100).

VRM Acquisition in the Presence of NRM

The VRM data described above were acquired after the NRM properties of
the basalts had been studied and after the NRM had been effectively eliminated
(or reduced to a very low value) by AF demagnetization. The conditions prepared
for aoquisition of VRM are, therefore, artifical when compared to the conditions
in nature, where VRM is not acquired from a demagnetized state but in the
presenoe of an NRM component (presumed to be TRM). It is questionable
if deduotions on the importance of VRM made on the basis of laboratory
acquisition in demagnetized basalts are directly applicable to VRM acquisition
in the oceanic erust. Laboratory experiments indicate, however, that VRM
in nature is likely to be even more serious than indicated by the above laboratory
data.

An undemagnetized basalt sample was oriented so that its NRM direction
was exactly perpendioular to the geomagnetic field in the laboratory. The sample
axes were defined so that the Y-axis was parallel to the field direction and
the NRM lay in the Z-X plane. The acquisition of VRM over a period of
500 h was practically logarithmic and was acoompanied by a corresponding
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Fig. 6. Acquisition of VRM in
presence of NRM (VRM 1) and
after AF demagnetization (VRM 2)
in a DSDP basalt sample
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decay of the Z-component (Fig. 5). The X-cornponent was much stronger than
the Y or Z-Components; variation in this component could not be distinguished
from the error of measurement. Possibly part of the growth of VRM along
the Y—axis is enhanced by the decay of NRM along the Z-axis as the unstable
(soft) component rearranges itself. In this case the VRM acquisition was not
multistage.

In VRM experiments on basalts from DSDP Leg 34 (Fig. 6) Lowrie and
Kent (1976) also reported simple logarithmic growth of VRM prior to AF
demagnetization (VRM1(2)). This was again accompanied by a change in the
remanence component normal to the VRM. After AF demagnetization the
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Table 1.

Site Sample NRM VRM VRM/NRM (0/0)
(10’ 3 Gauss) (10’3 Gauss)

100 11—1-20 16.0 1.83 11
11—1-100 23.7 1.51 6
11—1-125 6.18 2.49 40

105 42—2-5 3.53 0.68 19
42—2-38 1.07 1.34 124
42—2-71 3.09 1.18 38
42—2-105 3.21 0.98 31
42-2-121 1.43 1.55 108
42—2-147 3.27 0.91 28

146 41-1-20 2.65 1.13 43
41—2—2 1.21 1.13 93
42-2-70 2.81 1.75 62
42—3-148 2.78 1.72 62
43—2-123 5.93 1.39 23
43—3-73 3.79 1.75 46
43—4-130 4.98 1.76 35

150 11-2-65 3.92 1.39 36
12—1-132 6.64 1.40 21
12-2-125 4.69 1.46 31

151 14—1-118 5.84 0.56 10
15-1-148 1.96 0.39 20

152 23-1-112 2.38 0.75 31
24-1-68 1.68 0.58 35
24-2-75 8.32 0.57 7

153 19-1-118 8.81 1.53 17
20-1-147 5.88 1.39 24
20-2-82 3.52 1.55 44

274 44-1-CC 2.74 1.32 48
44-3-CC 2.22 1.78 84
45-l-cc 12.3 0.94 8
45-2-2 12.2 1.37 11

367 38-2-76 5.36 0.014 (3.39) 0.3 (63)
38-3-2 3.84 0.25 (3.65) 7 (96)
38-3-129 2.59 0.022 (2.83) 0.8 (109)
39-2-35 2.78 0.26 (1.47) 9 (53)
39-2-122 1.39 0.040 (2.10) 3 (66)
40-1-87 4.06 0.20 (2.71) 5 (67)

entire character of the VRM acquisition curve changed (VRM 2(2)); two distinct
segments were now discernible and there were no changes in the orthogonal
directions. When plotted against each other the slope of the steeper second
segment and the slope of the single stage VRM acquisition prior to demagnetiza-
tion (Fig. 7) are scattered but are positively and significantly correlated (r:
0.614) and do not differ by more than a factor of 2.

The Character of VRM acquisition obsorved before and after AF demagne-
tization differed also in experiments conducted for 500 h on basalts from site 367
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Fig. 8. Acquisition of VRM in presence of NRM (VRM l) and after AF demagnetization (VRM 2)
in a DSDP basalt sample from a site in the Jurassic Quiet Zone in the eastern North Atlantic.
VRM l (H) represents the change in remanence in the plane perpendicular to the applied field
of l 0e

(Kent and Tsai, 1977). Before demagnetization the VRM acquired in this short
period amounted t0 a large fraction (53% t0 109%) of the initial NRM intensity
(Table l). In this case also the growth of VRM is accompanied by a change
in the component normal t0 the aequisition field, which shows a 3 stage relaxa-
tion exactly matching the VRM acquisition. In contrast, the VRM observed
after AF demagnetization was much less pr_onounced.- Whereas prior to AF_
demagnetization 3-stage acquisition was exhibited, this was not observed after
demagnetization, although the slope of the logarithmic plot appears t0 increase
after 100 h (Fig. 8). The marked difference in VRM acquisition as a function „_
of the initial remanence state was similar t0 that noted in Leg 34 basalts (Fig. 6,
and Lowrie and Kent, 1976).

From these few data it cannot be established if the same physical process
is involved in both cases (i.e. before and after AF demagnetization). It appears
that the .AF demagnetization stabilized the short activation-time component
that participated previously in the VRM acquisition. The important paleomag-
netic observation is that the rate of VRM acquisition in the presence ‘of NRM
is at least equivalent t0 the most rapid acquisition from the AF demagnetized
state. Since the laboratory VRM acquisition experiments made in the presence
of NRM are likely t0 be more representative of the Viscous behavior exhibited
by the basalts in situ, we feel that a significant portion of the NRM of these
site 367 and Leg 34 basalts can be attributed t0 recently acquired’viscous com-
ponents.

Summary of VRM Acquisition Experiments

The experimentally established characteristics of VRM in oceanic basalts may
be summarized as follows:

l. The tendency of DSDP basalt t0 acquire VRM varies approximately
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inversely with the median destructive field and is especially high in basalts
with MDF less than 100 Oe (Kent and Lowrie, 1977).

2. A long term simple logarithmie law is rarely obeyed during acquisition
of VRM in oceanic basalts. Two or three stages are usually 0bserved, in each
of which a simple logarithmie relationship can be assumed.

3. For this reason it is not meaningful t0 try t0 extrapolate quantitatively
from the results of laboratory VRM experiments in an attempt t0 aceount
for the NRM intensity of the basalts. Instead we prefer t0 consider the VRM
acquired during the course of a laboratory experiment as a minimum indicator
of the seriousness of VRM in situ. If a large fraction of NRM can be aceounted
for by VRM acquisition during a period of only a few weeks it is reasonable
t0 assume that an equivalent or larger fraetion of the remanence of the basalt
in situ must be "Viscous.

4. Contrary t0 expectation, the VRM acquired under laboratory conditions
in the presence of NRM is apparently more serious than that acquired in
the demagnetized basalts. Sinee the overwhelming majority of published VRM
results (Lowrie, 1974; Peirce et a1.‚ 1974; Tarasiewicz et al.‚ 1976) have been
obtained after demagnetization, most of these data must be interpreted as mini-
mum estimates of the signifieance of VRM acquired by DSDP basalts in situ
(that is, in the presence of NRM).

Origin of VRM in Oceanic Basalts

Magnetic Domain State

The remanent magnetic properties of oceanie basalts are due t0 fine grains
of titanomagnetite or titanomaghemite with titanium compositional parameters
in the range x=0.4 t0 x=0.6. Formulae that allow computation of the critieal
grain size for transitions between the different magnetic domain states are sum-
marized and their limitations discussed, by Staeey and Banerjee (1974). Although
they probably are qualitatively correct, they are rather inexact quantitatively
because of simplifying assumptions that are involved.

For the compositional range found in oceanic basalts the transition from
superparamagnetism t0 single domain behavior oecurs at grain sizes of
0.04—0.07 um; the thickness of a domain wall is 0.1—0.2 um, and the eritical
upper grain size for single domain behavior is 0.2—0.6 um. Pseudo-single domain
behavior is displayed until grain sizes of 20—40 um, above which multidomain
behavior is found.

The only direct optical evidence of magnetic domain states in titanomagne-
tites was obtained by the Bitter technique on a titanomagnetite with composi-
tional parameter x:O.65 by Soffel (1971). He observed that particles up t0
several microns in size contained only two domains, and by extrapolating the
p10tted relation between number of domains and particle size, he inferred a
eritieal maximum diameter of about 1 um for single domains.

Commonly oceanic basalts belong t0 deuterie oxidation class 1 aceording
t0 the scheme of Wilson and Watkins (1967), but occasionally elasses 2, 3
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or 4 have been reported (Ade—Hall et 211., 1976). Systematic measurement of
magnetic grain sizes and correlation with stable or unstable remanent magnetic
properties unfortunately have not been made. Most DSDP basalts investigated
have contained grains from a few microns in size down to the limit of optical
resolution, while some have occasionally contained grains coarse enough to
permit optical classification of the deuteric oxidation state. Very coarse grains
up to 100 um in size were observed in DSDP basalts from size 57 in the
North Pacific Ocean (Lowrie et al.‚ 1973) while electron microscope investigation
of oceanic basalts dredged from the North mid-Atlantic ridge revealed grain
sizes finer than 0.1 um (Evans and Wayman, 1972).

Although VRM has been observed in a wide range of basalt grain sizes,
it is most serious in comparison to NRM in coarse-grained basalts and dolerites.
It therefore seems reasonable to associate stable remanence in oceanic basalts
with single domain grains, and Viscous behavior with pseudo—single-domain
(PSD) and multidomain (MD) grain sizes.

This conclusion is supported by the properties of NRM in a number of
DSDP sites (Lowrie, 1974, 1977). Königsberger ratios (Q„) are high in basalts
with stable NRM, and even in unstable basalts rarely are much lower than
unity. Viscous remanent magnetization is often observed in basalts with low
median destructive fields and Q„ values around unity; sometimes a strong NRM
intensity is compensated by correspondingly large susceptibility. The NRM
contains a low-coercivity fraction usually accompanied by a small hard com-
ponent which is hard to isolate in the presence of the larger soft component.
The soft component of NRM and the sample susceptibility are possibly multido-
main effects, while the hardest part of NRM arises from PSD moments. Support
for this rather generalized statement also comes from the VRM characteristics.

Theory of VRM in Oceanic Basalts

The current status of the theory of VRM in SD, PSD and MD materials has
been reviewed and discussed critically by Dunlop (1973). The following phenom-
enological interpretation of our VRM observations is based on his article, which
should be consulted for details and a stricter analysis.

Without specifying the domain state or nature of the magnetization a phe-
nomenological model may be set up in which a relaxation time (T) is associated
with each magnetic moment. If the spectrum of log T is open ended and uniform
(Fig. 9a), a simple logarithmic VRM acquisition law will be obeyed for all
experimental times. For this Situation it would be possible to extrapolate the
results from experimental times to geological periods. Dunlop (1973) has shown
that a uniform log T distribution can result from a wide range of grain sizes
and coercivities.

Non-uniformity of the log T distribution gives rise to non-logarithmic acqui-
sition of VRM. In particular, if the log T spectrum is bounded by relaxation
times T1 and T2, both of which lie within the period of experimental observation,
a VRM acquisition curve similar to that shown in Fig. 9b results. For Observa-
tion times I<T1 and t> T2 there is no activation; for T1 <t< T2 a logarith-
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mit: growth of VRM is Observed. In fact the onset and termination of VRM
growth due t0 activation of this discrete range of relaxation times need not
coincide with T1 or T2, and the acquisition curve will have tails.

We envisage the 3—stage VRM acquisition curves in AF demagnetized DSDP
basalts t0 be represented by the sum of these two effects; a discrete range
of relaxation times is superposed on a broader background (Fig. 9c). In view
of the known magnetic mineralogy of oceanic basalts, the background VRM
growth is probably due t0 multidomain grains, on which is superposed a discrete
fraction possibly representing SD or PSD grains. The coexistence of two dispa-
rate grain size generations among titanomagnetites in the same basalt sample
is supported by observation. Ade-Hall et a1. (1976) describe massive basalts
containing anhedral grains up t0 100 um in size and skeletal grains from 10 um
down t0 the limit of visibility.

Creer et a1. (1970) and Petherbridge (1977) heated Rauher Kulm basalt
samples at 400° C t0 produce a ‘daughter‘ magnetic mineralogical phase whose
interaction with the ‘mother’ phase led t0 partial self-reversal, and also t0
a change in the character of viscous magnetization acquisition. Heatecl (two-
phase) samples showed 2-stage acquisition (as in Fig. 1a) whereas natural un-
heated samples did not.

Production of a ‘daughter ’ phase in the laboratory by heating can be achieved
in nature at lower temperatures over longer time intervals. Abundant optical
evidence has been reported of oceanic basalts containing otherwise homogeneous
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titanomagnetites that displayed the characteristic whitening of maghemitization
along internal eracks and on grain rims (see, for example, Ade—Hall et al.,
1976). Strong-field thermomagnetic ourves occasionally also show an initial
inerease of induced magnetization on heating (see, for example, Lowrie et al.,
1973, Fig. 2), possibly indicating partial self—reversal.

Petherbridge (1977) attributed Viscous behaviour of the ‘daughter’ miner-
alogieal phase to ultra—fine, unstable grains whose sizes were intermediate be-
tween the ranges for superparamagnetism and stable SD magnetization. How-
ever, the Viscosity coefficient for this SD-type VRM ought to be more than
an order of magnitude greater than that for MD-type (Dunlop, 1973), whereas
the observed ratio of Viscosity coeffieients in stages l and 2 is only around 2
or 3 (Fig. 2). We attribute stage 2 rather to a PSD fraction.

Some of the experimental evidence suggests that a single stage VRM growth
observed before AF demagnetization changes to multi-stage acquisition after
AF demagnetization (Fig. 6) with the original Viscosity coefficient matched by
the Viscosity coefficient in stage 2 (Fig. 7). This implies that AF demagnetization
resulted in partial stabilization of the spectrum of relaxation times, preventing
their participation in further VRM growth. For this model the AF demagnetized
state is taken to be equivalent to an anhysteretic remanent magnetization (ARM)
acquired in a constant field of zero intensity. ARM can possess quite high
stability, and we envision this to be imparted to a fraction of the magnetization
spectrum that originally participated in the VRM process. However, we can
offer no exact mechanism by which this took place or by which it can be
quantitatively explained. In the hole 367 basalts 3-stage VRM acquisition was
greatly altered by AF demagnetization, to the extent that the magnetic Viscosity
was almost entirely stabilized (Fig. 8).

Discussion

Dunlop and Hale (1976) report strong VRM in DSDP Leg 37 basalts that
contain stoichiometric titanomagnetites and weaker, more variable VRM in
basalts with cation-deficient oxidized titanomagnetites and attribute the differ-
enoe primarily to a difference in effective magnetic grain size. However, from
our investigations of VRM in a large number of geographieally distributed
DSDP sites we do not observe a simple relationship between extent of VRM,
grain size and degree of maghemitization. Strong VRM has been observed
in fresh eoarse-grained basalts elsewhere, for example at site 57 (Lowrie, 1973)
and at site 319A (Lowrie and Kent, 1976), in apparent agreement with Dunlop
and Hale’s findings, but strong VRM has been observed as well in some fine-
grained, altered basalts. For example, basalts from site 367 have elevated Curie
temperatures near to 400° C that suggest cation-defieient oxidized titanomagne-
tites and give a fine-grained pattern in the test according to Johnson et a1.
(1975) of dominant magnetic domain state (Kent and Tsai, 1977; Fig. 10a).
These properties are in eontrast to the coarse-grained basalts from site 319A
which have low Curie temperatures conforming to near stoichiometric titano—
magnetites (Lowrie and Kent, 1975) and which give a coarse—grained indication
in a test of domain state (Fig. 10b). However, both the site 367 and site 319A
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Fig. 10. Comparison of stability against AF demagnetization of anhysteretic (ARM) and isothermal
(IRM) remanent magnetizations in two DSDP basalt samples. The sample from site 367 gives
a single—domain indication while the sample from sit6 319 A gives a multidomain indication. However,
both samples have Viscous remanent magnetic properties

basalts were able t0 acquire large VRM components in laboratory experiments
(compare Figs. 6 and 8; Table l). We conclude from this that while it is possible
that strong VRM may be a characteristic of fresh coarse-grained oceanic basalts,
it does not necessarily appear t0 be confined t0 them.

The potential seriousness of VRM in oceanic basalts is therefore difficult
t0 predict. The relatively few studies of VRM and the bias of these studies
towards those basalts which display unstable Characteristics (i.e., low median
destructive fields) during measurement of NRM properties d0 not enable us
t0 categorically state the extent of VRM in the magnetization of the oceanic
crust. However, it is possible that VRM is more prevalent in oceanic basalts
than is indicated by these VRM studies. The average median destructive field
(MDF) of DSDP basalts from 51 sites averaged only 120 Oe (Lowrie, 1977).
In basalts with MDF less than 100 Oe VRM can account for a large fraction of
the NRM. M0reover, VRM can be important, at least theoretically, even in
basalts with high MDF. This is because VRM is a thermally activated process
and under certain conditions may not be strongly related t0 coercivity (Pullaiah,
et al.‚ 1977).

A fundamental assumption in the Vine and Matthews (1963) hypothesis
is that the remanent magnetization of the ocean crust is preserved from the
time of crustal formation at the sea floor spreading axis. If the oceanic basalts
recovered by the Deep Sea Drilling Project are considered representative of
the source of marine magnetic anomalies, the occurrence of strong VRM of
recent origin in many of these rocks suggests that this assumption is not uni-
formly applicable and it may not always be appropriate t0 interpret marine
magnetic anomalies (or their absence) as a precise record of paleomagnetic
field behavior.

We note that the acquisition of a secondary magnetization in oceanic basalts
does not necessarily result in reduced anomaly amplitudes. For example, if
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a secondary (or an induced) magnetization component is acquired in a uniform
direction and in equal amounts by adjacent source blocks with opposite remanent
polarities, the magnetization contrast is unaltered and hence the magnitude
(and the shape) of the magnetic anomaly does not change provided the original
remanent magnetization is not affected. All other factors the same, a decrease
in the amplitude of marine magnetic anomalies will only result from a reduetion
in the original basalt remanent magnetization that carries the record of field
reversals.

Our data indicate that VRM acquisition is accompanied by erosion of an-
other component of NRM (Fig. 5, 6 and 8). It is not certain what the “NRM”
in this ease represents. The large soft component of most basalts studied for
VRM purposes obscures unambiguous identification of the original remanence.
In many cases AF demagnetization of unstable DSDP basalts beyond only
100 Oe results in scattered direetions, and a stable inclination is difficult or
impossible to isolate. Although a thermoremanence must have been acquired
during initial cooling of the basalts, subsequent modification by VRM, by
chemical alteration, by the stresses of sampling, and by other secondary
processes, are very likely. For example, the dramatic effect on the remanence
observed after lightly tapping an unstable DSDP basalt (Peirce et al., 1974),
emphasizes the possibility that drilling with a magnetic drill collar and core
barrel can induce a secondary remanent magnetization (Ade-Hall and Johnson,
1976). The apparent decay of NRM during VRM acquisition may merely
represent relocation of a secondary unstable component acquired just prior
to the laboratory investigation.

It is also possible, however, that the original TRM of unstable basalts has
been at least partly lost. If the original TRM is carried by grains whose magne-
tization relaxation times at ambient sea-floor temperatures are shorter than
a few hundred thousand years, a part of the original TRM will be eroded
and participate in a VRM acquisition process. Magnetization contrasts between
adjacent, oppositely magnetized crustal blocks will eonsequently be reduced
and the associated magnetic anomalies will be reduced in amplitude or absent.

Of interest in this context are marine magnetic quiet zones, regions in which
magnetic anomalies are either poorly developed or not lineated. The interpreta—’
tion of the Cretaceous quiet zone as representing sea-floor spreading during
an interval of predominantly normal geomagnetic polarity is supported by inde-
pendent paleomagnetic data (e.g.‚ Helsley and Steiner, 1968; Lowrie and Alvarez,
1977). In contrast, the available land paleomagnetic record does not indepen-
dently require an interval of constant geomagnetic polarity for the interval
of time eorresponding to the Jurassic quiet zones (Irving and Pullaiah, 1973)
and apparently conflicting interpretations of paleomagnetic field behavior during
this interval have been given (i.e.‚ dominantly normal polarity: Larson and
Pitman (1972), Larson and Hilde (1975); dominantly reversed polarity: Steiner
and Helsley (1975); rapidly reversing field polarity: Cande et al. (1977). It is
possible that a single explanation does not suffice for the Jurassic quiet zone.
However, the fact that the Jurassic quiet zone boundary appears to cut across
magnetic lineations in the eastern North Atlantic (Hayes and Rabinowitz, 1975)
indieates that it is not an isochron, but is a feature of variation in the rock
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magnetic properties of the oceanic crust. This, in addition to the unstable mag-
netic properties of the only DSDP basalts recovered from the Jurassic quiet
zone (Site 100 and perhaps Site 105 in western, Site 367 in eastern, North Atlan-
tic) and the current lack of independent paleomagnetic data suggest that Viscous
remagnetization of the crust may contribute to the observed smooth magnetic
field over the Jurassic quiet zones.

Magnetic quiet zones are also found adjacent to the margin of certain conti-
nents, such as southern Australia (Weissel and Hayes, 1972). Irving (1970)
pointed out that a local geological cause is probably responsible for marginal
quiet zones and suggested the probable difference in conditions for submarine
basalt formation at the time of initial rifting compared to later steady sea-floor
spreading. An example at present is to be seen in the Red Sea; although a
well-defined axial anomaly exists, oceanic magnetic anomaly amplitudes in the
adjacent areas are subdued (Girdler, 1969). IrVing assumed that conditions
at initial rifting would favor development of coarse grain sizes in basalts, and
expected these to have low NRM intensities and stabilities. The concurrenee
of high VRM in coarse-grained DSDP basalts observed by Dunlop and Hale
(1976) and in this study indicates that Viscous remagnetization may be an impor-
tant process in the production of marginal quiet zones.

Lineated magnetic anomalies are not always absent in magnetic quiet zones
although their amplitudes are greatly reduced. There is frequently good correla-
tion between topography and positive anomalies, but reversely magnetized zones
have also been interpreted as in the Jurassic quiet zone in the eastern North
Atlantic (Barrett and Keen, 1976). These observations indicate that the quiet
zone crust is acting as a poor recorder of reversals, and are compatible with
the VRM model hypothesized above.
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Magnetic Discordance in Gran Canaria/Tenerife
and Its Possible Relevance to the Formation
of the NW. African Continental Margin
K.M. Storetvedt, S. Svalestad, K. Thomassen, Aa. Langlie, A. Nergärd, and
A. Gidskehaug
Department of Geophysics, University of Bergen, Allegt. 70, 5014 Bergen, Norway

Abstract. The palaeomagnetic stratigraphy of Gran Canaria and Tenerife
suggests that these islands have been built up during two major volcanic
‘pulses’, i.e. in Mesozoic (probably late Cretaceous) and Upper Tertiary/
Quaternary times. The palaeomagnetic implications are compared with other
evidences from the NW. African shelf and margin such as geological data
from drill holes in coastal basins, Deep Sea Drilling Project results and
information from various marine geophysical surveys. The combined evi-
dence favours a continental origin of a crustal belt (including the Canary
Islands) extending seaward into water depths of at least 4500 m.

Key words: Palaeomagnetism — Marine geology/geophysics — Formation of
Canary Islands and adjacent oceanic tracts.

l. Introduction

The origin of the Canarian Archipelago has been a matter of much speculation
and a continental as well as an oceanic sub-stratum for the islands have been
proposed. The oldest stage of development of the islands appears to have
produced a basal complex of mostly mafic and ultramafic plutonics, but subma—
rine volcanics and various types of sediments occur also. This basement complex,
which appears to underlie the entire island group, is exposed in La Palma,
Gomera and Fuerteventura (Cendrero, 197l; Füster et al.‚ 1968 a—d; Hausen,
1956, 1958, 1959, 1962; Ibarrola, 1970) and it is likely to be represented as
inclusions in the younger basalts of Lanzarote (Füster et a1., 1970). According
to Füster et al. (1970) the chemical composition of the basement plutonics
differs from that of the overlying volcanic rocks and there is an erosional
discordance between the two series. The thick section of marine sedimentary
rocks in the basal complex of Fuerteventura is strongly folded and fossil evidence
points towards a Mesozoic origin of these strata (Rothe, 1968; Rothe and
Schmincke, 1968). On the other hand, the major column of subaerial volcanics
of the islands have generally been assigned to the middle or late Tertiary on
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the basis of palaeontologic and radiometric dating (Füster et al.‚ l968a—d;
Abdel-Monem et al., 1971). There seems t0 be n0 doubt that a marked peak
of voleanie activity swept the islands in Miocene-Plioeene time but one may
be seeptical as t0 whether the outpouring of all the older volcanies aetually
represents this time interval. Thus, the oldest series, at least in some areas,
are extremely weathered (having turned into red soil in plaees) eompared to
the overlying, rather fresh rocks for which a Mioeene-Pliocene age seems well
established. In Gran Canaria, for example, an erosional discordance is found
between the two groups of subaerial lavas as well as between the various pet-
rographieally different units of the older series (Füster et al.‚ 1968 d). Conse-
quently, one of the fundamental problems of the volcanologic evolution of
the Canary Islands is the question of whether there are major time gaps between
and within the older subaerial lava sequences of the islands.

For marine geophysieal studies, the Canarian archipelago, together with
the Cape Verde Islands and Madeira, hold a key position in the Atlantic,
as they are situated either within or elose t0 the border zone of the ‘quiet’
magnetic anomaly field. At present, the favoured explanation of the ‘quiet’
zone seems t0 be in terms of sea-floor spreading during a constant geomagnetic
polarity epoeh sometime in the Mesozoie. Another, but less accepted, way
of explaining quiet magnetic zones is through the mechanism of continental
erust conversion into a transitional/oceanic strueture by the proeesses of subsi-
dence and sub-crustal erosion (Van Bemmelen, 1966). Unfortunately, standard
crustal structure studies seem t0 be of little help in chosing between the two
alternatives (sea floor spreading versus continental oceanization); probably only
very young subsidence structures can in some cases be distinguished from a
true oceanic crust by the presence of low upper mantle seismic velocities and
the absence or suppression of seismic wave propagation along the Moho. In
support of an oceanization process, Rona and Nalwalk (1970) and Dietz and
Sproll (1970) have given evidence for a sialic substratum under the Canary
Islands based on postulated predrift reeonstructions of N. America and NW.
Afriea. Palaeomagnetism of regions like the Cape Verde and Canary Islands
may provide important information relevant t0 these problems. It cannot, unfor-
tunately, be said that there are complete palaeomagnetie analysis of these islands.
At present, there exist some palaeomagnetie results by Carracedo and Talavera
(1971) of the Anaga peninsula of Tenerife and numerous reconnaissanee data
by Watkins (1973) and Watkins et a1. (1966, 1968) of the Canary Islands/Madeira
and the Cape Verde Islands respeetively.

In an attempt t0 provide further information on the abovementioned aspects
a detailed experimental study of the palaeomagnetie reeord of the Canary Islands
is at present being undertaken by this department. The present synthesis is
based upon the analysis of palaeomagnetie data obtained from Gran Canaria
and Tenerife and by eonsideration of available marine geologieal and geophysical
struetures of the adjaeent oceanic tracts.

2. Palaeomagnetic Discordance in Gran Canaria and Tenerife

The present palaeomagnetie study of Gran Canaria and Tenerife is based on
a total of 305 oriented hand samples from altogether 63 sites (lavas or intrusives).
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Fig. 1a and b. Distribution of collecting sites on Gran Canaria (a) and Tenerife (b)

In Gran Canaria the collected sites are concentrated in the northeastern half
of the island and span all the major rock units. In stratigraphic order (from
‘bottom’J these are: Basalt Series l, Trachyte, Phonolite, Pre-Roque Nublo,
Roque Nublo, Ordanchitica Series, Basalt Series 2, and Basalt Series 3 and 4
(Füster et al., 1968 d). In Tenerife the lavas of Series l in the Anaga peninsula
as well as dikes cutting through this lava sequence were collected in addition
t0 Basalt Series 3 and 4 from various parts of the island. At the collecting
sites post-emplacement tectonics seem too small t0 be of importance for the
present study. For orientation both magnetic and sun compasses were usecl.
Figurel Shows the distribution of sampling sites. It is not known t0 which
extent these sampling localities may duplicate those of earlier studies.

A11 collected material has been subjected t0 detailed thermal and/01' alternat-
ing field (AF) demagnetization. A test of the entire stability spectrum has been
aimed at, i.e. the progressive demagnetization was in general continued until
the remanence either became too weak for reliable measurements (this occurred
in particular 011 thermal demagnetization above 500° C) or came into a stage
where the remanence parameters initiated an erratic behaviour. All phonolite
specimens exploded when heated above 500° C. A large proportion of the rocks
had a fairly high resistance t0 alternating field demagnetization, having a rather
high percentage of their remanence intensity left after treatment in the highest
available field (1500 Oe).

In general, the Pre-Roque Nublo and younger rocks are easy t0 deal with
in the 1ab0rat0ry, giving mostly stable and consistent within-site directions of
magnetization. The palaeomagnetic axis of the Quaternary volcanics (Series 3
and 4) Cürresponds extremely well with the late Tertiary axis as defined by
data from Pre—Roque Nublo, Roque Nublo, Ordanchitica and Basalt Series 2
(cf. Fig. 2a and b and Table l). Also, as shown in Figure 5, the overall palaeo—
magnetic pole is in close agreement with middle—late Tertiary poles für Africa.

28° N
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Fig. Za—d. Palaeomagnetic directions from Gran Canaria and Tenerife; (a) Basalt Series 3 and 4
(Quaternary) (b) Upper Tertiary formations and (c) Basalt Series 1, Trachyte and Phonolite (trian-
gles). Axis l (d) gives the estimated time-average palaeomagnetic direction for the Upper Tertiary—
Quaternary and axis II rapresents the overall directions of the older formations (Series I, Trachyte
and Phonolite). Axis III is the mean directions for the Phonolite rocks taken separately. The
cross is the present axial geocentric dipole field relative t0 the Canary Islands. Full symbols are
downward inclinations and opcn symbols upward inclination

The corresponding field direction from Gran Canaria/Tenerife, is h0wever, signi-
ficantly different (at the 95% level of confidence) from that of an axial geocentric
dipole model (cf. Fig. 2d and Table l); the somewhat shallower inclination
of the observed field lines up with recent ideas (Wilson, 197l; Wilson and
McElhinny, 1974) of the dipole source being axial but slightly displaced north
of the equatorial plane.

Rocks older than Pre-Roque Nublo in Gran Canaria (i.e. Basalt Series _1,
Trachyte and Phonolite) and the Series l rocks from the Anaga peninsula of
Tenerife Show a more complex magnetization than the younger sequences. The
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Table 1. Mean palaeomagnetic data from Gran Canaria and Tenerife

Formation N R K ocg5 Ö I Pole location Remarks

Quaternary basalts; a 43 41.9 39.4 3.5 003.7 +382 317.9E 82.28 a: unit weight
series 3 and 4 b 11 10.9 102.4 4.5 004.1 +34.7 316.2E 81.88 on speci-

men
b: unit weight

on site

mLate Tertiary formations; 85 83.1 43.9 2.3 186.0 —41.6 293.2E 82.9S
Pre-Roque Nublo(——)‚ b 13 12.8 65.6 5.2 184.1 ——41.0 306.8E 83.8S
Roque Nublo(—)‚
Bas. Series 2 (i) and
Ordanchitica Series (+)

Quaternary andlate a 128 125 41.7 2 185.2 —40.4 302.1E 82.8S
Tertiary formations b 24 23.7 79.2 3.4 184.1 —39.5 311.9E 82.9S
combined

Older lavas: a 70 68.1 35.6 2.9 162.8 —45.1 071.2E 74.7S
Bas. Series (i) b 12 11.6 30.7 8.0 159.9 —44.5 071.2E 72.0S
Trachyte (i)
and Phonolite (+)

N=number of unit vectors (specimens or sites); R=length of resultant; K:precision parameter; ocgszradius
of circle of confidence at 5% significance level; D, izdeclination and inclination of mean vector

increased complexity is in part shown by more irregular within-site (and within-
sample) distribution of magnetization and in part by the occurrence of an
increased number of systematic directional trends on demagnetization for which
stable end-points could not be achieved. The dikes gave considerably more
scattered results than all the other formations studied—because of the greater
uncertainties in the palaeomagnetic parameters of these rocks they have been
excluded from the present analysis.

All stable specimen directions (AF or thermal treatment) from Series 1,
Trachyte and Phonolite are shown in Figure 2C. Basalt Seriesl rocks from
Tenerife are reversely magnetized while Series 1 lavas and Phonolites of Gran
Canaria are normally magnetized. The Trachyte lavas show both polarities.
The remanence parameters of many of these older rocks were followed to
temperatures well above 600° C (see Fig. 3) suggesting haematite as a relatively
important magnetic carrier. This evidence is in line with the generally much
more altered state of the older strata compared with the younger series. It
is not surprising therefore that evidence of multicomponent magnetization (of
high magnetic stability) within individual specimens is relatively important in
the older strata while such features are practically absent in the more recent
ones (Pre-Roque Nublo and younger).

The linear spread of apparently stable directions in the SW-quadrant of
Figure 20 is confined to the Seriesl lavas of Tenerife. This pattern appears
to be best interpreted in terms of partial remagnetization: a variable normal
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Fig. 4a and b. Examples of directional variation vs. demagnetization along with the extended
great circle (remagnetization) paths and their convergence points. Full (open) symbols are downward
(upward) inclinations

component of high magnetic stability (probably of chemical origin) having been
added t0 a supposed original reversed magnetization of south-southeasterly
declination causing deviating directions of the resultants. This explanation is
further supported by the fact that the linear directional spread agrees with
great circle paths of the older Series as defined for individual specimens through
stepwise demagnfitization. Figure 4 gives a number of examples where the resul-
tant remanence directions move along well defined great circles (Halls, 1976)
suggesting an interplay between two components of magnetization. Specimens
of this type d0 not qualify to be included in the groups of stable end point
data though magnetic stability alone does not prove that one actually is dealing
with a single-component remanence. The extended remagnetization circles define
intersection points that are either in agreement with the majority of stable
end points for the older lavas (cf. Fig. 4a) or are in line with stable directions
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for the younger rocks (axis I, cf. Fig. 2d). This component variability merely
implies that remagnetization of the older rock sequences continued into axisI
time. The important consequence of this prolonged magnetization history is
that the original axis will have a tendency of being defleoted towards the younger
axis. However, as illustrated in Figure 4a, the same deflection effect can certainly
be accomplished through remagnetization in the opposite field polarity, axis
remaining constant. The encircled reversed group of Figure 2c is considered
to represent an actual palaeomagnetic direction to a reasonable approximation
but based on the experimental evidence it appears very likely that this reversed
group had a slightly more easterly declination originally than that shown at
present.

The series l lavas as well as the Phonolites of Gran Canaria are of normal
polarity, but the combined directional data exhibit a certain smeared distribution
which needs further consideration. Firstly, some of the Series l sites concerned
tend to have become at least partially remagnetized in the normal direction
of the late Tertiary/Quaternary field (axis I of Fig. 2d). This suggestion appears
prOpörly demonstrated in the collection of 3 sites from the southeastern part
of Gran Canaria. One of these sites, which was located close to a thick Series 2
lava gave directions of magnetization in excellent agreement with the inferred
late Tertiary axis. The remaining two sites, which probably have not been
in immediate proximity to late Tertiary igneous activity, show more westerly
declinations (330°—340°) and are in nearly perfect alignment with the axis based
on the reversed group (cf. Fig. 2c). Another reason for the smeared normal
distribution is that the Phonolites tend to have a charaoteristic magnetization
with more westerly declination. Two of the three sites collected were olosely
grouped having deolinations between about 290° and 315° (cf. triangles of
Fig. 2€), while the third site, having north-northwesterly NRM directions, tends
to have a composite magnetization. Demagnetization of the latter site suggests
that the relatively stable NRM directions are deflected away from the position
of the other two sites by a superposition of a middle-late Tertiary normal
component. It is possible, therefore, that the Phonolite Series represent a palaeo-
magnetic axis which is different from that of the investigated Trachytes and
Seriesl lavas, but they could also represent a polyphase remanence caused
by partial remagnetization. Owing to the limited number of Phonolite data
presently at hand the ‘safest’ way of estimating mean palaeomagnetic directions
for the older series would be to combine all the normal directions of Figure 2c
with those of the encircled reversed group. By doing so, the strong westerly
directions of the Phonolites would at least in part compensate the demonstrable
remagnetization effect of some of the Seriesl samples of Gran Canaria into
the more recent field axis.

In Table l mean directions of magnetization, statistical parameters (Fisher,
1953) and pole locations have been calculated both with unit weight on specimen
(a) and with unit weight on site (b).

It may be argued that the observed magnetic discordance here concerned
is merely the result of the older lavas representing a shortlieved excursion of
the geomagnetic field. However, the observed erosional discordances as well
as the more advanced state of mineral alteration in these strata (compared
to the younger ones) are not in favour of such an idea. In fact, the probable
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involvement of a chemical remanence in these rocks suggest that the total
time span eovered by axis II (Fig. 2d) may be considerably longer than the
aetual duration of extrusive aetivity (and may even exeeed that of axis I). Also,
the lava sequenees of Fuerteventura, for which the detailed palaeomagnetie
struetures will be dealt with in a following paper, define the same general
palaeomagnetic diseordanee as found in Gran Canaria/Tenerife. It is therefore
contended that unlike Pre-Roque Nublo and younger rocks the older volcanics
(at least Series l and the Trachytes) did not acquire their original magnetization
in the late Tertiary geomagnetic field.

Before considering the geophysical and geological implications of the data
it is of some importance to compare our results with those of Watkins (1973).
It may be pointed out here that the procedure of the two studies are different:
the present analysis includes both extensive thermal as well as alternating field
demagnetization (involving a large number of demagnetization steps), whereas
Watkins used a more restrictive procedure of alternating field treatment (100,
200 and 300 Oe). It is elear from a eomparison that, as far as the Plioeene
and younger volcanies are concerned, the overall data agree very well. This
agreement is thought to be due to the fact that these rocks basically appear
to possess a simple remanence structure (a small soft secondary component
added to a primary component of high stability) so that the final results are
not eritieally dependent upon the extent of the experimental analysis. There
are, however, discrepancies between the two studies as regards the older lava
series. This is due to the faet that here we are dealing with a more complex
magnetization which requires more extensive laboratory analysis. In this regard
it is contended that the present results must supersede those of Watkins (it
may be remarked that Watkins’ data do in fact also demonstrate the higher
magnetie eomplexity of the older lava series: his Table 2(b) shows drastic reduc-
tions in the precision parameters, K, along with eorresponding increases in
the respective circles of eonfidenee, a95‚ for these rocks compared to the younger
ones). Also, in a study of the Anaga peninsula of Tenerife, Carracedo and
Talavera (1971) obtained direetional data in close agreement with those of
the present study.

As expected, the late Tertiary—Quaternary pole for the Canary Islands
presented here is in good agreement with corresponding poles for continental
Afriea (see Fig. 5). The most interesting observation, however, is that the relative
pole location for the older Gran Canaria/Tenerife strata corresponds very well
with those for the Mesozoic of Africa. Based on magnetization axis II (Fig. 2d)
the inferred pole is situated at a slightly higher palaeolatitude than the Afriean
Mesozoic poles, but an anticloekwise adjustment of axis II by only 5° (this
is justified by the experimental evidence which suggests that a partial remagne-
tization has imposed a slight clockwise rotation of the original time-average
magnetie vector) is suffieient to bring the pole into the major Mesozoic polar
group. Recent evidence suggests that in the earliest Cretaceous the African
palaeomagnetie pole underwent an exeursion to a lower palaeolatitude (Bardon
et al., 1973; Gidskehaug et al., 1975: poles 6 and ll of Fig. 5) but returned
to the previous position before Middle Cretaeeous times (Gidskehaug et al.,
1975). Further information in support of this polar behaviour is provided by
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Fig. 5. Estimated pole locations for Gran Canaria/Tenerife basalts (poles 1—4) in comparison with
relevant polar estimates from Africa. Polel is the Upper Tertiary/Quaternary pole, polesZ
and 3 represents the older series (axis II of Fig. 1) before and after a 5° anticlockwise adjustment
of the mean declination (cf. text) respectively, and 4 is the Phonolite pole. Crosses are African
Tertiary poles. The other poles are as follows: 5, Hoachanas 161—173 (Gidskehaug et al.‚ 1975);
6, Kaoko 110—128 (Gidskehaug et al.‚ 1975); 7, Mlanje (Gough and Opdyke, 1963; Briden, 1967)
(suggested to be post-Kaoko by Gidskehaug et al.‚ 1975); 9, mean Mesozoic SE. African (Hailwood
and Mitchell, 197l); 10, mean Mesozoic NW. African (Hailwood and Mitchell, 197l); Lower
Cretaceous, Atlas Mountains (Bardon et al.‚ 1973)

contemporaneous poles from South America. When the two continents are
re-assembled in the manner proposed by Bullard et al. (1965) it is seen that
the Serra Geral pole of Lower Cretaceous age exhibits a nearly identical excur-
sion from the Mesozoic group as d0 the Kaoko pole (poleö of Fig. 5) of
SW. Africa which is of similar age. As seen from Figure 5 the Phonolite pole
of Gran Canaria (pole 4) is situated close t0 the Kaoko pole and the Lower
Cretaceous pole for Morocco. This agreement may, however, be purely coinci-
dental as pole 4 is only based on two sites and may therefore be biased either
by geomagnetic secular variation or, perhaps more likely in this case, by partial
remagnetization. In the following the Phonolites will therefore not be considered
as representing a palaeomagnetic marker horizon.

For assessing an upward age limit of axis II it is very unfortunate that
there are practically n0 palaeomagnetic data available for the Lower Tertiary
of Africa. However, the Ethiopian traps which have K/Ar ages ranging between
69 m.y. and 30 m.y. give an estimated pole in good agreement with the Upper
Tertiary poles for Africa suggesting that also the Lower Tertiary geomagnetic
field was significantly different from that of the Mesozoic. It is therefore con-
Cluded that based on palaeomagnetism the minimum age of the oldest volcanic
series in Gran Canaria/Tenerife is Upper Cretaceous.
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3. Geology of NW. African Continental Margin

On the coasts of Morocco and Spanish Sahara data from petroleum exploration
wells suggest that the sedimentary strata of the Essaouira and Aaiun basins
are distributed in a ‘down-to-basin’ flexuring and normal fault pattern parallel-
ing the coast and related to seaward subsidence (Martinis and Visintin, 1966;
Querol, 1966; Seibold and Hinz, 1974). This fault system (having a NE—NNE
trend) may be an important teetonie feature even several hundred kilometres
from the NW. African shelf edge. For example, Dash and Bosshard (1969)
and Bosshard and McFarlane (1970), through gravity and seismic refraetion
work, have suggested a major fault west of Gran Canaria as well as one passing
threugh the islands of Tenerife, Gomera and Hierro. Similar faults have also
been traced by Rona (1970) in seismic refleetion profiles west and northwest
of Cap Blane.

In both the Essaouria and Aaiun basins late Triassic continental sediments
(redbeds and evaporites) are interbedded with great amounts of basaltic lavas
(Dillon and Sougy, 1974; Martinis and Visintin, 1966; Querol, 1966). The great
importance of Triassic/Jurassic volcanism in W. Africa is further manifested
by extensive outpouring of basic lavas in Algeria, Mauritania, Senegal, Guinea,
Sierra Leone and Ivory Coast (Dillon and Sougy, 1974).

The coastal basin geology suggests that on the slope and shelf the Lower
Mesozoic through Lower Caenozoic sediments are thiekening seaward (Dillon
and Sougy, 1974; Rona, 1970). Though the younger strata have terminations
at the slope (due to erosion) the pre-Upper Cretaceous sediments appear to
eontinue further seaward at least across the upper eontinental rise (Rona, 1970;
Seibold and Hinz, 1974). The latter strata may however be vertieally Offset
when crossing the general NE-NNE trending fault pattern. Exeept for a general
transgression in Jurassic times the Lower Mesozoic t0 Tertiary depositional
environment (at least beneath the coastal plain) was continental/shallow water
marine, implying a more or less continuous crustal subsidence since late Triassic
(Dillon and Sougy, 1974; Rona, 1970). Based on evidence for deep sea diapirism,
Rona (1970) has suggested that the late Triassic salt layer may extend at least
1000 km west of Cap Blanc. Similarly, Schneider (1969) has reported deep
sea diapiric features in the Vicinity of the Cape Verde Islands though Pitman
and Talwani (1972) have suggested that these may be of volcanic origin. How-
ever, more important information in favour of a salt layer extending seaward
far from the eontinental shelf eomes from DSDP holes 139 and 140 (cf. Fig. 6).
Site 139 is situated at the middle continental rise at a water depth of around
3000 m and site 140 at the lower continental rise at depths of about 4500 m
(Hayes et al.‚ 1971). At site 139 the drill did not penetrate below Miocene
strata but a site 140 the Upper Cretaeeous sequence was reached though sono—
buoy data suggest that beneath the cored Upper Cretaceous there is at least
1 km of sediments above the suggested basement.Furthermore, in thetwo DSDP
sites a pronouneed inerease in salinity with depth takes place, suggesting the
existenee of a pre-Upper Cretaceous evaporite horizon at a greater depth.

From a seismic survey around the western Canary Islands Dash and Bosshard
(1969) suggested a four-layered crustal strueture comprising unconsolidated sedi-
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Fig. 6. Sketch map of eoastal NW. Africa and adjacent oeeanic areas. Numbers refer t0 drill
sites explored by DSDP. Dashed 1ine represents part of the westward boundary of the quiet magnetic
zone

ments (a top layer of tuff and clastic material), consolidated sediments, basalt
and oceanic layer, respeetively. Special attention should be paid t0 the second
layer, which in the seismic profiles has a thickness ranging between 2.2 km
and 3.7 km, and for which Dash and Bosshard (1969) found n0 satisfactory
explanation. If the geologieal interpretation of this layer in terms of consolidated
sediments (1969) is the corrected one, a considerable time Span must have
elapsed between the first volcanie period (forming the basalts of layer 3) and
the more recent volcanism forming the top layer of unconsolidated tuffs and
other elastics. This upper crustal layering agrees very well with the palaeomag-
netic structure from Gran Canaria and Tenerife (cf. Table 2) and represents
further support in favour of a major gap between the t0 major subaerial volcanie
sequences. However, based on the inferred episodic nature of the older volcanism
of Gran Canaria the suggested consolidated sediments of layer 2 are likely
t0 contain some tuff horizons at least in its lower stratigraphic levels. Further
evidence of extreme importance for the present problem is that the crustal
layer 2 (consolidated sediments) of Dash and Bosshard is thickening westward.
This is in complete agreement with the sedimentary thickness distribution below
the shelf and slope of West Africa. This combined evidence not only supports
the Dash and Bosshard interpretation of their layer 2 but it also suggest a
continental origin of the oceanic crust in the western Canaries region. If one
had been dealing with a true oceanic crust formed by sea-floor spreading one
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Table 2. Suggested correlation of upper crustal oceanic layering in the western Canaries region
(Dash and Bosshard, 1969) with subaerial volcanic features of Gran Canaria/Tenerife

Oceanic structure Subaerial activity

layer l : Unconsolidated tuffs and clastics Miocene—recent volcanism
(V: 3.00—3.35 km/s)

layer 2: Probably consolidated sediments Long period (probable time span:
' (V: 3.90—4.75 km/s) Mesozoic — Miocene) of basically

weathering and erosion

layer 3: Basalts Formation of Series l plateau
(V: 5.63—6.00 km/s) basalts in the Mesozoic,

probably in the Upper Cretaceous

layer 4: Lower crustal layer

would have thought that on the whole the greater accumulations of sediments
would be concentrated closer to the continental slope and with decreasing thiek—
nesses seaward. A pronounced sediment distribution in the opposite sense even
at large distances from the eontinent is in line with the well-established and
marked down—to—basin faulting off NW. Africa as well as off eastern N. America,
forming an extensive graben structure as the first stage in the separation process
between the two continental blocks. The evidence from DSDP drilling of a
salt layer beneath deep water (holes139 and 140) may strengthen this idea,
particularly if the salt is of TriassiC/Jurassic age (i.e. correlatable with the ad-
jacent continental deposits) but salt can eertainly also form on an oceanic
crust in a system of intermittent spreading.

4. Conclusions on Formation of the Canary Islands
and the Adjacent Oceanic Terrain

Aceording to the available palaeomagnetic results Gran Canaria and Tenerife
were principally build up during two distinetly different periods of volcanieity
of which the older one at least dates back to the Upper Cretaceous, but it
may well have covered a broad time span within the Mesozoic. After eulmination
of thefirst magmatie period there appears to have been volcanic quiescence
until late Tertiary times when another major period of outbursts swept the
islands. While the first period of activity most likely reflects early phases of
r'ifting between Africa and North America the seeond major period of volcanicity
in the Canaries was probably related to the Miocene deformation of the Atlas
Mountains (Bosshard and MeFarlane, 1970).

Based on marine geophysical and geologieal evidence it can be inferred
that considerable crustal subsidence took place in the area during the second
half of the Mesozoic. The subaerial basalts of Gran Canaria/Tenerife of
suggested Upper Mesozoic age are likely to have taken part in this subsidence.
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In regions which were not subjected t0 substantial upwarping and erosion prior
t0 the Mioeene (unlikely the Cape Verde and Canary Islands) one would expect
t0 find a major succesion of sediments intercallated between the two major
volcanic ‘horizons’. This is exactly what can be inferred from studies of the
upper crustal layering northwest of Tenerife. Thus, there appears t0 be a very
good correspondence between the marine geophysieal evidence and the palaeo-
magnetic data as far as a major time gap in volcanic activity is concerned.
The time span of volcanic quiesence within the region of Gran Canaria/Tenerife
may at least have been of the order of 50 m.y. A late Cretaceous age for
the older volcanic strata does not contradict palaeontologic evidence from Fuer-
teventura where the earlier plutonics seem t0 intrude Albian t0 Upper Cretaeeous
sediments (Rothe, 1968).

As regards the older basalts sequences the present results apparently diverge
from available K/Ar age determinations (Abdel-Monem et al.‚ 1971, 1972; Wat-
kins, 1973). The present authors, naturally enough, rely on their palaeomagnetic
data and are inclined t0 explain the discrepancy in terms of incomplete retention
of the radiogenic argon in the older lavas, possibly eaused both by the fairly
extensive mineral alteration in these rocks as well as by the extensive magmatic
activity in late Tertiary times. The authors attach considerably weight t0 the
evidence for remagnetization (probably of chemical/thermochemieal origin)
within the older sequences and suggest that this evidence throws doubt on
the reliability of the K/Ar ages for these rocks. Also, the K/Ar data themselves
may pose severe problems of interpretation. For example, in Tenerife Abdel-
Monem et a1. (1972) have deduced 'radiometric ages from the 01d basalts in
four different areas of the Island (Anaga, Teno, Ladera de Guimar and
Tiagaia) obtaining ages ranging from 15.7 m.y. t0 0.67 m.y. which are conflicting
with geological observations by Hausen (1956) and Füster et a1. (1968) that the
sequences concerned are time equivalent units. More a1arming, however, is the
occurrence of internal inconsistencies of stratigraphically controlled seetions.
In fact, these results indicate that argon loss may be an important problem.
In the present Situation one finds it hard t0 believe that any of the estimated
dates from the older lavas represent true rock ages. We therefore fully agree
with Abdel-Monem et a1. (1972) that ‘the final resolution of these stratigraphic
and radiometric age inconsisteneies require further study’.

The marked crustal subsidence of the continental shelf and rise of NW.
Africa along with corresponding sedimentary thieknesses inereasing seaward
(at distances several hundred kilometers from the seaboard) and the evidenee
for a salt layer beneath water depths of around 4500 In (probably the Triassic/Ju—
rassic evaporite horizon as found beneath the coastal plain) indicate that portions
of the deep oceanic erust of NW. Africa may be of continental origin. For
the area under consideration this conclusion applies at least t0 the region of
the quiet magnetie anomaly field —the existence of some more marked magnetic
lineations here and there inside the quiet zone (with a NE-NNE trend) would
be a natural consequenee of magmatic infill along the prevailing fault pattern
of the region during the stages of foundering. This idea is supported by recent
seismie evidence (Wissman et al.‚ 1977) which ShOWS that off Moroeco and
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Mauritania a true ooeanic orust can only be found west of the quiet magnetic
zone.

By invoking a sea-floor spreading origin for the quiet magnetic zone there
are obvious problems in fitting Central America in pre-drift reconstructions.
Also, one has to envisage an asymetric (Mesozoio) spreading between N. America
and Africa in the initial stages of oontinental separation. On the other hand,
if the quiet zones (or perhaps even wider belts) represent original continental
crust having turned into oceanio-like struotures in situ (as suggested by the
present authors) such anomalies may Virtually disappear. This suggestion is
opposed neither by the DSDP leg 11 results (Hollister et al., 1972) from sites
100 and 105 (off eastern N. America) nor from the reoent DSDP drilling in
the Cape Verde Basin (Lanoelot et a1., 1975). In both areas a basaltic ‘basement’
was uncovered below apparently unbaked Middle-Upper Jurassio sediments.
However, so far, no proper evidence in favour of a sea-floor spreading origin
of these basalts has been given: it is at least equally plausible that they were
formed during a process of rifting and subsidence of a oontinental to sub-
oontinental basement. Recalling the existence of erosional discordances within
the older lava sequenoe of Gran Canaria there are in fact reasons to suggest
that rifting and lava extrusion may have taken place intermittently (within
a subsiding continental belt between Africa and N. America) over a time span
covering at least a greater part of the Mesozoic. Therefore, when sea-floor
spreading between Afrioa and North America started, an ooean basin, formed
by foundering of a zone of continental basement, seems to have been in existence
at these latitudes in the Atlantic.
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Note Added in Proof

Some recent K/Ar dates of younger Gran Canaria lavas by Lietz and Schmincke (Palaeogeography,
Palaeochin. Palaeoeclology, 18, 1975) have no implications for the ideas presented in the present
paper.
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Palaeomagnetism
of Cretaceous Nubian Sandstone, Egypt
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Abstract. From Upper Cretaceous Nubian Sandstone and iron ores in the
Aswan area (25° N, 33° E) about 200 cores from 19 sites were colleeted.
After thermal demagnetization the remanent magnetization of 18 sites showed
stable components. Giving unit weight to each site direction (secular variation
is probably not averaged out in the individual sites) the overall mean direc-
tion is D= 178°, I: —29.3° with a95:5.8° (6 sites have normal and 12 sites
reversed polarity). This yields a pole at 80° N, 227° E (dp=3.7°, dm=6.3°).
This pole is nearer to the present geographic pole than most of the other
Cretaceous poles for Africa but in View of only few known Cretaceous
poles the agreement is fairly good.

The mean direction of magnetization of 7 sites of Baharia Oasis iron
ores (28° N, 29° E) is D28.1°, I: +41.6° with a95:7.0° (2 normal, 5 re-
versed polarities). The pole position (81.5° N, 145° E) is consistent with
the probable Tertiary age of this formation.

Key words: Palaeomagnetism — Cretaceous sediments — Africa.

1. Introduction

Previous palaeomagnetic investigations have been carried out on Nubian
Sandstone near Aswan and also on Upper Cretaeeous volcanic roeks of Wadi
Natash (about 150 km ENE of Aswan) by El Shazly and Krs (1973). In this
paper palaeomagnetic results from the Nubian Sandstone in the Eastern desert
of Egypt and in the Baharia Oasis are presented (Fig. 1).

Nubian Sandstone consisting of brownish, almost horizontal sandstone beds,
often rieh in iron ores and with interlayers of iron ore, is widely distributed
in Egypt. The Nubian Sandstone was deposited in tropical and subtropical
climates in shallow water (marine and non-marine) environments (El Shazly
and Krs, 1973).

Generally an Upper Cretaceous age is attributed to the Nubian Sandstone
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according t0 fossils, at least in the South of Egypt (Said, 1962). The interlayers
of iron ores occurring along the Nile valley have been formed together with
the surrounding rocks and are therefore also of Upper Cretaceous age (El
Shazly and Krs, 1973). The ore consists nearly completely of haematite (Gheith,
1955). The origin of the ore deposits in Baharia Oasis is not so clear. Probably
the ore was formed by replacement during hydrothermal activities in Tertiary
(post Eocene according t0 Attia (1955), or in Oligocene-Mioeene aceording
t0 Said (1962)). This Tertiary age is consistent with the palaeomagnetic results
as shown later. The ore in the Baharia Oasis shows great variation with regard

_ t0 its composition. It consists mainly of goethite, some haematite, and magnetite
in minor amounts (Gheith, 1955).

2. Sampling and Measurements

In Figure l the location of the 34 sites sampled are shown. A total of about
330 cores (2.5 cm diameter) has been collected from the Nubian Sandstone
and from the iron ore with a portable drilling machine (see Tables l and 2).
Specimens (2.5 cm long) were eut from the cores. The natura] remanent magne-
tization (NRM) was measured with a “Digico” spinner magnetometer or with
a “Förster” flux gate magnetometer. Because alternating field demagnetization
up to 2000 Oe peak field had n0 significant influence on the intensity or the
direction of magnetization the specimens were subjeeted t0 thermal demagnetiza-
tlon.
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In Figure 2 typical thermal demagnetization results for sandstone and iron
ore are shown. There is only a slight reduction of the within site scatter (increase
-of precision parameter) of the directions in most cases accompanied by a slight
drop of intensity of NRM. The total change of mean directions generally is
also small. Above 300° t0 400° an increase of intensity was observed in most
cases together with an increase of scatter of the directions. Depending on the
results of 3 or 4 pilot samples for each site the most appropriate thermal
demagnetization temperature was chosen for all samples (see Tables 1 and 2).
In some cases however thermal cleaning was not possible because the samples
disintegrated during heating.

3. Discussion

3.1. Nubian Sandstone and Iran Ore of the Eastem Desert

Site mean directions with the respective circles of confidence before and after
thermal cleaning are shown in Figure 3 for Nubian Sandstone and for iron
ore. Sites from the Nubian Sandstone have mixed p01arity, sites from iron
have only reversed polarity. After inverting different polarities t0 one polarity
in the usual way, there is n0 significant difference in the mean direction between
normal and reversed sites or between sandstones and iron ores (see Fig. 4).

For the magnetic latitude of Egypt the angular standard deviation s for
the direction due to palaeosecular variation should be about 17° with lower
and upper limits of 10° and 25° respectively (e.g. Brock, 1971) yielding a precision
parameter k of about 23 with the respective limits k:66 and kzll
(sz81(k)_°'5). Half of the sites have [(266 (see Table 1). It can therefore be
assumed that the directions of magnetization of samples from one particular
site contain only a relatively short interval of palaeosecular variation. The smaller
k (larger angular standard deviation) for the other sites may at least partly
be due t0 unstable magnetic properties of the samples and not due t0 palaeosecu-
lar variation. Therefore the best estimation of the overall mean is probably

a

\

a)

ä
Fig. 3a and b. Equal area pro—
jection of site means (only the
respective circles of confidence
are shown) for sandstone (a)

b) b) and iron ore (b) before (left side)
and after (right side) thermal de-
magnetization

6h
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180°

180°

Fig. 4. Site means and overall mean circle of confidence for the Aswan area after thermal demagne—
tization. Squares denote the sandstone, circles the iron ore. Open symbols: oositive inclination.
Closed symbols: negative inclination

Fig. 5. Cretaceous pole positions for Africa. For details see Table 3. Pole N0. 6 with circle of
confidence is from this paper

the average of the site mean direction giving unit weight t0 each site. The
result D=178°, I= —29.3°‚ a95=5.8° is in agreement with the previous one
given by E1 Shazly and Krs (1973): D=l83°‚ I= —18.2°‚ a95=11°. For further
discussion the combination of the results of the two collections is used (see
Table l).

In Table 3 and Figure 5 Cretaceous pole positions for Africa are compiled
including a pole position for South East Sicily which may be regarded as part
of the African plate (e.g. Schult, 1973). Considering that the data represent
a time span of about 70 My all Cretaceous pole positions for Africa are in
fairly good agreement.

3.2. Baharia Oasis

The results are given in Table 2. From l2 investigated sites only 7 sites consisting
of iron ores or iron ore rich sediments turned out t0 be suitable for palaeomag-
netic measurements (5 normal, 2 reversed polarity). In the calculation of the
mean two additional sites were included from which the samples could not
be demagnetized thermally. This seems t0 be justified as the influence of thermal
demagnetization on the directions was in most cases quite small.

The palaeopole for the Baharia Oasis sites is at 81.5° N, 145° E. This pole
is significantly different from the pole for the Nubian Sandstone and iron
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Table 3. Summary of African Cretaceous pole positions

No. Age Formation Site Pole position A95(d„, dm) Reference
(My) location ———-————

° N ° E

1 K, Moroccan 32° N, 354°E 44 251 10 Bardon
volcanics et a1. (1973)

2 116—128 Mljanje Massif 16° S, 36°E 60 262 12 Briden (1967)

3 110—128 Koaka lavas 20° S, 14°E 48 267 (2.5; 3.9) Gidskehaug
et a1. (1975)

4 106—1 11 Lupata 17° S, 34°E 62 260 3.5 Gough et a1.
volcanics (1963)

5 K, Moroccan 32°N, 353°E 75 217 5.5 Hailwood
sediments (1975)

6 Ku Nubian sandstone, 25° N, 33°E 79 220 4.0 This paper
iron ores

7 81—90 Wadi Natash 24° N, 34°E 64 218 (2.8; 5.6)3 El Shazly
volcanics and Krs (1973)

8 83—89 Kimberlite pipes 29°S, 25°E 58 237 15.3 McFadden
et a1. (1977)

9 71—81 Volcanics, 37°N, 15°E 63 229 3.8 Schult (1973)
SE-Sicily

dm dm was caleulated from the sample means and not from the site means

ores of the Eastern desert and is in good agreement with Tertiary poles for
Africa (e.g. Schult, 1974). This finding confirms the probably Tertiary age of
the iron ores in the Baharia Oasis.

Acknowledgement. We thank Professor M. Fahim, Helwan Institute of Astronomy and Geophysics,
Cairo, for his generous help and advice. We are grateful to all members of the palaeomagnetism
group of our Institute for many helpful discussions. The financial support of the Deutsche For—
schungsgemeinschaft is also gratefully acknowledged.

References

Attia, M.I.: The Geology of the Iron Ore Deposits of Egypt. 18th Intern. Geol. Congr., London
l3, 6—13, 1950

Bardon, C., Bossert, A., Hamzeh, R., Rolley, J.P.‚ Westphal, M.: Etude Paleomagnetique de
Formations Volcaniques du Cretace Inferieur dans l’Atlas de Beni Mellal (Maroc). C.R. Acad.
Sci.‚ Paris 277 D, 2141—2144, 1973

Briden, J.C.: A New Palaeomagnetic Result from the Lower Cretaceous of Bast-Central Africa.
Geophys. J. l2, 375—380, 1967

Brock, A.: An Experimental Study of Palaeosecular Variation. Geophys. J. 24, 303—317, 197l
E1 Shazly, E.M., Krs, M.: Palaeography and Palaeomagnetism of the Nubian Sandstone, Eastern

Desert of Egypt. Geol. Rundschau 62, 212—225, 1973



|00000352||

340 A. Schult et a1.

Gheith, M.A.: Classification and Review of Egyptian Iron Ore Deposits. Symposium Appl. Geol.
Near East, Unesco, Ankara 1955

Gidskehaug, A., Creer, K.M., Mitchell, J .G.: Palaeomagnetism and K—Ar Ages ofthe South-West
African Basalts and their Bearing on the Time of Initian Rifting of the South Atlantic Ocean.
Geophys. J. 42, 1—20, 1975

Gough, D.I.‚ Opdyke, N.O.: The Palaeomagnetism of the Lupata Alkaline Volcanics. Geophys.
J. 7, 457—468, 1963

Hailwood, E.A.: The Palaeomagnetism of Triassic and Cretaceous Rocks from Morocco. Geophys.
J. 41, 219—235, 1975

McFadden, P.L., Jones, D.L.: The Palaeomagnetism of some Upper Cretaceous Kimberlite Occur-
rences in South Africa. Earth Planet. Sci. Lett. 34, 125—135, 1977

Said, R.: The Geology of Egypt. Amsterdam: Elsevier Publ. Comp. 1962
Schult, A.: Palaeomagnetism of Upper Cretaceous Volcanic Rocks in Sicily. Earth Planet. Sci.

Lett. 19, 97—100, 1973
Schult, A.: Palaeomagnetism of Tertiary Volcanic Rocks from the Ethiopian Southern and the

Danakil Block. J. Geophys. 40, 203—212, 1974

Rcceived November 18, 1977 / Revised Version January 26, 1978



|00000353||

J. Geophys. 44, 341—352, 1978 Journal O_f
Geophysms

Measurements of Anisotropy of Magnetic Susceptibility
Using Inductive Magnetometers *

H. Scriba and F. Heller
Institut für Geophysik, ETH Zürich, CH-8093 Zürich, Switzerland

Abstract. At present the instruments most commonly used for sensitive
measurement of remanent and induced magnetization of rocks are spin-
ner magnetometers and eryogenic magnetometers. The analysis of magnetie
susceptibility anisotropy with these instruments is deseribed in this paper
with special emphasis on measurements with the eryogenic magnetometer.
Problems arising from finite speeimen size are diseussed. It is shown that the
Optimum length-to-diameter ratio for a eylindrical speeimen is O.90i0.02 for
the spinner magnetometer used and 0.86-l_-0.02 for the eryogenic magneto-
meter. Comparative measurements of magnetic anisotropy obtained from the
two instruments yield good agreement. In order to demonstrate the perfor-
mance of the eryogenic magnetometer in measuring magnetic susceptibility
anisotropy, a regional investigation has been carried out. The main plane of
anisotropy is observed to be eonsistent with the macroscopie roek fabric.

Key words: Magnetic susceptibility anisotropy — Cryogenie magnetometer
— Spinner magnetometer.

1. Introduction

Rock magnetism has beeome a very important branch of geophysics during the
last two deeades. This is mainly due to the observation that rocks eontaining
ferromagnetie minerals are able to conserve the magnitude and direction of the
magnetic field in which they cooled down or were deposited. This is the basis for
studying the history of the Earth’s magnetie field and associated phenomena
sueh as continental drift and polar wandering.

One of the prineipal assumptions of palaeomagnetism is that the direction of
magnetization is parallel to the magnetizing field. This is only true as long as the
material is magnetically isotropic, i.e. the magnetie susceptibility is a sealar.
However, many rocks are anisotropic and the susceptibility must be represented

* Contribution No. 199, Institut für Geophysik, ETH Zürich

O340-062X/78/0044/0341/5502.40
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by a symmetrical tensor of second order. The corresponding geometrical body is
an ellipsoid. Thus, for palaeomagnetic investigations of strongly anisotropic
rocks, the direction of magnetization has to be corrected for anisotropy.
Moreover, the observed anisotropy is closely related to rock fabric and can be
used as a tool in structural analysis of rocks.

Magnetic anisotropy was first observed in sediments by Ising (1943). It has
been shown that this anisotropy is mostly caused by mechanical forces acting
during deposition (e. g. Granar, 1958; Rees, 1961), the minimum axis of suscepti-
bility being aligned perpendicular to the bedding plane. The structure of igneous
rocks can also be determined by anisotropy measurements (cf. e. g. Heller, 1973).
In these rocks the macroscopic schistosity planes usually coincide with the main
anisotropy plane which is defined as the plane containing the maximum and
intermediate principal axes of anisotropy. A comprehensive review on magnetic
anisotropy is given by Bhathal (1971).

In principle the anisotropy of magnetic susceptibility can be observed using
any instrument which measures the bulk susceptibility in a certain direetion, e. g.
the transformer bridge (cf. Fuller, 1960; Kubli, 1967). Of course‚ anisotropy ean
also be studied with instruments measuring only the difference between the
maximum and minimum susceptibility (in the plane of measurement) and its
phase, e. g. the torque meter (Stone, 1967; Scriba, 1967) or the Spinner magneto-
meter (cf. Kent and Lowrie, 1975). Most early investigations were carried out
using the torque meter. In this instrument the rock sample is suspended from a
thin wire. When a horizontal field is applied, the specimen is deflected by a
small angle due to its remanence and anisotropy of susceptibility. The effect of
remanence, of course, can be avoided by using AC fields. Either low fields (cf.
Granar, 1958; King and Rees, 1962; Scriba, 1967) or high fields have been used
(cf. Stacey, 1960). The other instrument commonly used now is the Spinner
magnetometer (cf. Noltimier, 1967; Berset, 1968; Heller, 1973). This paper adds
the cryogenic magnetometer to the instruments measuring magnetic suscepti-
bility anisotropy.

2. Method of Measurement

The measurements were carried out using a Digico Spinner magnetometer with
anisotropy head and a ScT cryogenic magnetometer. These instruments are
called induetive magnetometers in this paper because the Signal induced by the
field of a magnetized rock sample is analysed.

2.1. Spinner Magnetometer

Only a brief outline of the method of measurement will be given here. In
principle the method is identical to that when measuring remanent magneti-
zation with the only difference that a magnetic field is applied which causes an
induced magnetization in the specimen. If the rotating specimen has a suscepti-
bility differenoe in the plane of measurement, it produces a Signal in the sensor
coils the frequency of which is twice the frequency of rotation; the amplitude
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and phase of the anisotropy Signal depend upon the susoeptibility tensor
elements in the measurement plane. Measurements in three perpendicular planes
of a specimen provide the oomplete susceptibility matrix. Its eigenvalues and
eigenveotors can be found by transforming to principal axes.

The Digieo anisotropy meter uses two orthogonally arranged coils one of
which is excited at an audio frequency. A Signal is only detected in the sensor
coil, if the sample is anisotropic in the plane of measurement (cf. Eq. (8 b)). The
corresponding elements of the susceptibility matrix are eomputed on line by
harmonic analysis. The coils of our Digioo anisotropy meter are very Close to
the sample. There is a new version on the market now which has a slightly
larger detector distanoe.

2.2. Cryogenic Magnetometer

Essentially this instrument is a modern version of the ballistic magnetometer.
The instrument we have in use oonsists of three pairs of Helmholtz pickup coils
whieh are kept in a superconducting state.‘ If a magnetized sample is inserted
into the coils a persistent current is initiated in each ooil pair which is
proportional to the component of magnetization of the sample along the
corresponding coil axis (for details see Goree and Fuller, 1976).

Besides of remanence measurements the oryogenic magnetometer can also be
used for measuring bulk susceptibility and its anisotropy. The method is very
simple. A field of a few Oersteds—we have used H= 1.01 Oe—is applied to the
sensor coils. After cooling below the critical temperature for superconductivity,
this field is permanently retained in the system. A sample inserted into the coils
will now produce a signal S which is the sum of the induced (1,-) and the remanent
oomponent (Ri) of magnetization multiplied by the volume (V) of the specimen

Si=(Ri+Ii)‘V (1)

with i=ä‚ 17,: (coordinate system of the specimen). This can also be written in
vector form -

S=(R+I)c V ' (2)

where the induced magnetization is proportional to the applied field H

I = K '‚ H (3)

with K=magnetic suseeptibility tensor. This tensor is symmetrical and of
seoond order

kää kän käC
K: kn: km7 k"; . (4)

kää kCn kCC

In our measuring procedure a field is applied parallel to the x-axis of the
instrument with the C-axis of the specimen coinciding with the z-axis of the
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Fig. l. Orientation of the specimen with the coordinates 5, 11,5 with
respect t0 the instrument’s coordinates x, y‚z

instrument. The specimen will now be rotated around this axis such that ä and 11
lie in the plane of measurement (Fig. 1). For any position the components of the
magnetic field H in coordinates of the specimen are given by

H€:H-c05(p and aHsincp. (5)

Inserting into (3) we obtain for the components of the induced magnetization

I€=H(kä€coscp+kä„sin (p)
(6)

In = H(k€„ cos (p + km1 sin (p).

The corresponding expressions in the coordinate system of the instrument are

Ix=16coscp+Insingo
. (7)

Iy = —Iäs1n(p+1„cosg0.

Inserting (6) into (7) yields

1x=H[%(kää+k‚m) +%(k6€ —k‚m) cos2qo+kän sin 2cp] (8a)

Iy=H[%(k‚m—kää)sin2(p+k6„cos2(p]. (8b)

We now turn the specimen such that f and 11, respectively, are parallel t0 z. The
corresponding expressions are easily derived from (8) by cyclic exchange.

As can be seen from (8) it would be sufficient t0 make two measurements at an
angle (p=0° and (p=90° in order t0 determine the kik. In practice, however, the
specimen has a remanent magnetization which has t0 be eliminated. M0re0ver,
there is instrumental drift. The first problem can be solved by repeating the
measurements at 180° and 270°, taking advantage of the different periodicities of
the remanent magnetization R and the induced magnetization I, i.e. 27c and 7:,
respectively. Thus by taking the arithmetic mean of two readings with a phase
shift of 7:, the influence of remanence is cancelled. On the other hand the
remanence can be determined by taking the difference of the readings. Actually
we have taken readings in steps of 45° from 0° t0 360° in order t0 improve the
quality of data which are later used for the computation of the anisotropy
ellipsoid. Instrumental drift is taken into account by comparing the readings at
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0° and 360O and correeting the values measured in between by linear in-
terpolation of the difference. Instrumental drift is of the order of 1-10‘8G
equivalent magnetization during the measurements in one plane which take
about 40 s. This value is well below the errors introduced by instability of
remanence which are of the order of 1'10‘ 7 G for the specimens measured.

The measurements are repeated for the nC— and the C äplane, respectively.
Then the susceptibility ellipsoid can be computed by a transformation to the
principal axes (Granar, 1958; Scriba, 1967).

As the susoeptibility matrix K is real and symmetrical, the transformation to
principal axes oan easily be carried out using the Jaeobi method (cf. e. g. Sperner,
1961). A FORTRAN program for this computation can be obtained from the
authors upon request. The program uses the data from the cryogenic magneto-
meter as input. Remanent magnetization and instrumental drift have already
been eliminated acoording to the prooedure described previously. The program
can also be used for any other kind of anisotropy measurements by simply
adapting the input. It also serves as the fundamental program for the Digico
anisotropy meter.

3. Effects of Specimen Shape and Size

For praotical convenience cylindrioal rock specimens are used for magnetic
investigations. Ideally a specimen should have spherioal shape. Then, even for
finite distances between sample and sensor, it would act like a dipole at its
centre provided that the magnetization is uniform. However, as we are working
with eylindrieal specimens, even for isotropic rocks an apparent anisotropy
results which is caused by the shape of the Specimen and the finite distance to
the sensor.

3.1. Effect of Specimen Shape

This effect is caused by the different demagnetization factors along the axes of
the specimen. It is given by Rees (1965)

A_I_c_ Nz-‘Nr (9)k_ U+MMU+MM

where Nz is the demagnetizing factor along the axis of the oylinder and Nr is the
demagnetizing factor in the radial plane. Shape induced anisotropy will be zero
if NZ=N‚. The demagnetizing factors for cylinders with different ratios of length
to diameter have been computed by Sharma (1966). Nz and N, have been plotted
against the ratio of length to diameter in Figure 2. They are equal for l/d
:0.9185. However, as ean be seen from Equation (9) and Figure2 the influence

of an error of 10 % in the length to diameter ratio will be negligible (A—kli<10‘3)
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Nz

I/d
030 1 1 I 1 1 1 1 i 1 1 1 1 l 1 ä1 1 1 l 4 P 1

0.80 0.85 0.90 0.95 1.00

Fig. 2. Axial (N2) and radial (N‚) demagnetizing factors as a function of length-to-diameter ratio l/d
for cylindrical specimens

if the bulk susceptibility does not exceed 10‘3 G/Oe (see also Kent and Lowrie,
1975). Higher bulk susceptibilities are very unusual in rocks (Sharma, 1976) and
therefore the specimen shape effect can generally be neglected.

3.2. Eflect of Specimen Size

The other effect that may cause errors in anisotropy measurements comes from
the finite specimen size. It applies only when using inductive magnetometers
such as spinner magnetometers where the field produced by a rotating sample is
measured by a sensor at a finite distance from the sample. However, when using
other instruments, e.g. a torque meter where the torsion caused by the in-
teraction of the applied field with the magnetized sample is measured, the
specimen size is unimportant. Of course, this is only true if the field is

_ homogeneous in the region of the sample.
In order t0 obtain a high sensitivity with inductive magnetometers a rel—

atively small specimen-sensor distance is required. Therefore the specimen n0
longer can be treated as an infinitesimal dipole. The corresponding formulae
have been derived by Sharma (1964) and a brief summary will be given here.
Only two planes of measurement need t0 be considered because of the aXial
symmetry of a cylindric specimen. The axial field of a uniformly magnetized
cylinder of length l, radius r at a distance a from its centre is given by

12 —12
I

a+/ a /
] (10)1/ r2 +(a + l/2)2

—
r2 +(a — l/2)2

HZ=27E'IZ[
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Fig. 3. Optimum length-to—diameter ratio l/d as a function of sensor-distance-to-diameter ratio a/d

where Iz is the aXial component of magnetization. The corresponding field of a
dipole is

21HZ‚D=2n-Iz. 3. (11)W

Q

The radial field is given by the integral (using cylindrical coordinates)

Hr=2r11rf (a—rcosöycosödß
o (r2+a2—2racos 6)1/(l/2)2+r2+a2—2raoosö (12)

where Ir is the radial component of the magnetization. For every ratio a/d
—where d is the diameter of the specimen—an Optimum ratio l/d can be found
where H‚=Hz. In this case no apparent anisotropy is observed although the
specimen dimensions are comparable to the sample-detector separation. The
optimum value of l/d according to formulae (10) and (12) is plotted as a function
of a/d in Figure 3. As can be recognized, the optimum l/d ratio decreases with
increasing a/d ratio. The anisotropy produced by a deviation from the optimum
l/d value, of course, depends on the distance to the sensor. For a 5 % error in l/d
which is equal to a 1.1 mm change in length for a specimen with a diameter of
25.4 mm, some resulting anisotropy errors are given in Table 1. The change in

Table l. Percentage anisotropy Ak/k arising
from a 5 % error in l/d as a function of a/d a/d 1.5 3 5

AU/d)—— 5 00 5 00 5 00
l/d / / /

Ak— 1.4% 0.3 % 0.1 %
k
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Ak
T

(0/0)

Fig. 4. Relative anisotropy values
Ak/k of a basalt specimen as a
function of the length-to-diameter
ratio l/d for the three planes of
measurement: C n (1), 11C (2), (ä (3).

l /d Instrument used: Digico anisotropy
0 l l l l l l f meter

anisotropy due to errors in l/d is of the correct order of magnitude to explain
the observed anomalous behaviour of magnetic anisotropy in weakly aniso-
tropic deep sea sediments whieh has been measured by means of a Spinner
magnetometer (Kent and Lowrie, 1975).

When the magnetic anisotropy of a specimen is measured using an inductive
magnetometer the specimen size given by the ratio l/d has to be optimized, as
the sensor distance is fixed by the given detector geometry. In order to find out
the Optimum size experimentally, we have sliced up some rock samples into sets
of thin discs (each disc approximately 1mm thick) whieh enabled us to measure
the anisotropy as a function of l/d. It should be pointed out that the actual
detecting coil geometries of both instruments are very complex or unknown to
us in detail. Therefore it was not possible to measure or to calculate the effective
a/d ratios.

Using the Digico anisotropy meter first, two tests have been carried out in
order to determine the optimum l/d ratio for this instrument experimentally.
Firstly, we have observed the change of percentage anisotropy Ak/k as a
function of l/d in each of the three measuring planes of a basalt sample whieh
has a bulk susceptibility of 9.4-10‘4G.Oe‘1. As basalts are very weakly
anisotropic, Ak/k should depend to a large extent on l/d when measuring in the
C €— or 17 C-plane, respectively, and Ak/k should be a minimum at the Optimum
l/d ratio. When measuring in the än-plane Ak/k should not be influenced by
varying l/d ratios. The percentage anisotropy in each measuring plane is plotted
in Figure 4. For the radial fn—plane Ak/k, as expected, does not change whereas
a distinct minimum is found in the other two measuring planes for a ratio of l/d
=0.9. The anisotropy within the latter two planes decreases from about 3 ‘X, at
l/d=0.7 to less than 1% at l/d=0.9. It increases again above l/d=0.9 with
increasing l/d.

There is another possibility of determining the Optimum l/d ratio. Not only
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the intensities but also the directions of the principal anisotropy axes depend on
l/d. The dispersion of corresponding axes of different samples must pass through
a minimum for the Optimum l/d ratio. Two conditions have to be fulfilled for the
validity of this test. Firstly the samples must have a macroscopic structure which
is consistent throughout the region of investigation, and secondly they have to
be oriented with respeot to the macroscopic structure in different direotions.
Three tonalite specimens from Val Nambrone (Adamello massif, Northern Italy)
having a mean bulk susceptibility of 2.7. 10‘5 G . Oe’ 1 showed adequate proper-
ties in the above sense. The dispersion of their principal susceptibility axes
expressed by the angular standard deviation 11/63 indicates a minimum for a l/d
ratio of O.90-_l- 0.02 (Fig. 5a). The effect is especially pronounced for the maxi-
mum and intermediate axes, whereas the dispersion of the minimum axes is less
affeoted. This is due to the fact that these rocks show a Clearly Visible schistosity
which magnetically is reflected by a predominant oblate anisotropy ellipsoid.
The oomputed precision parameter (Fisher, 1953) ShOWS a corresponding maxi-
mum for the three principal axes for a value of l/d =0.90i0.02 (Fig. 5b).
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The dispersion test was applied t0 the cryogenic magnetometer, toü (Fig. 5C).
The precision parameter ShOWS a less well defined but nevertheless distinct
maximum für all three principal anisotmpy axes at a ratio of l/d=0.86i0.02.
The same quality of results was obtained before and after AF cleaning, although
the remanence intensity observed before cleaning exceeded the differences of the
induced magnetization (H = 1.01 Oe) by one t0 two orders of magnitude.

We conclude from our measurements that the Optimum values of I/d for the
two instruments are slightly different due t0 varying pickup coil geometries. For
our Digico anisotropy meter the Optimum specimen length (d=25.4 mm) has
been found t0 be l =22.9 i0.5 mm, whereas for the SCT cryogenic magnetometer
(3-axis-instrument with 38 mm access) the Optimum length is a bit shorter with l
= 21.8 i0.5 mm.

4. Instrumental Performance

In order t0 demonstrate the performance of the cryogenic magnetometer for the
measurement of magnetic susceptibility anisotropy, a small scale regional in—
vestigation has been carried out in the Val Nambrone (Eastern Adamello massif,
Northern Italy). As shown in Figure 6, the mean directions of the principal axes
of the site susceptibility ellipsoids are fairly consistent throughout the whole
area of investigation. They are in good agreement with the available data on the
macroscopic structure (Callegari and Da] Piaz, 1973). The geological map
presented by these authors ShOWS a SW—NE trending schistosity in the area

'(‚(F
„Farm 1147,73; a

‚EQQQIE.-- Ü 1km Ä“ H ‘a...
"- |—|—_——.—| \ "'-

..____‘_ \

Fig. 6. Sketch map of the Val Nambrone area, eastern Adamello massif, with site mean directiüns of
the principal anisotropy axes: maximum (0), intermediate (A), minimum (i). The great circle
indicates the positiün of the main anisotmpy plane
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Fig.7 a and b. Lower hemisphere equal area projection of the directions of principal anisotropy axes
for another sampling area in the northern Adamello massif (Italy) measured with the Digico
anisotropy meter (a) and the ScT cryogenic magnetometer (b). The corresponding numerical mean
values are listed in TableZ

Table 2. Mean directions of principal axes with precision parameter PR of a set of specimens from
the northern Adamello massif as measured with the Digico and the SCT magnetometer. N denotes
number of specimens

kmax kint kmin

Az. Dip PR Az. Dip PR Az. Dip PR N

Digico 254.3 66.2 6.7 136.7 12.0 5.0 44.1 21.5 9.5 25
SCT 264.5 63.7 10.5 156.4 8.6 8.1 62.0 25.5 20.5 24

adjoining t0 the E of our sampling region. The very consistent alignment of the
minimum axes of the sampling sites along a SE-NW direction—the minimum
being perpendicular t0 the main anisotropy plane which obviously parallels the
schistosity plane—indicates that the macroscopic structural features found at
the eastern margin of the massif continue westward into the more central parts.
The bulk susceptibility of the rocks has a well defined mean value of 2.66
i0.24- 10‘5 G - Oe‘1 (number of specimens N =56) which is in good agreement
with the uniform tonalite petrology of the sampling area.

In order t0 compare results obtained from the cryogenic magnetometer and
the Digico anisotropy meter, very weakly anisotropic samples have been mea-
sured on both instruments (cf. Fig. 7 and Table 2). Although the directions of the
principal anisotropy axes are scattered t0 some extent, their mean directions
coincide fairly well when comparing the results of both instruments. The mean
directions and their precision parameters have been calculated independently for
each axis. Both instruments ShOW the best grouping of directions for the
minimum axes, whereas the maximum and intermediate axes are distributed
along a great circle.
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Petro-Physical Properties
(Density and Magnetic-Susceptibility)
and Lithologic Composition
of Some Dolerite Dykes Of Andhra Pradesh, India

S.M. Varaprasada Rao, B.V. Satyanarayana Murty,
and V. L. S. Bhimasankaram
Centre of Exploration Geophysics, Osmania University, Hyderabad 500007, India

Abstract. The density and magnetic susceptibility of 40 samples from dolerite
dykes have been measured. They occur in the Peninsular granites of South
India and belong t0 tholeiitic and alkali types. It is Observed that the
dolerites could be classified into two groups based on their density and
susceptibility values. While one group with lower values was found to
correspond with the tholeiitic type, the other group with higher values
possibly signifies the alkali type dolerites.

Key words: Rockmagnetism — Dolerites — Correlation of density and
magnetic susceptibility.

The basic dykes of Peninsular India possess diversified trends of structural,
physical and chemical characters. Analyses of structural, petro-Chemical and
palaeomagnetic data on dyke rocks from selected places in India, as attempted
by earlier workers (Sitaramayya and Appajee, 1972; Murty, 1968; Verma et al.‚
1968; Divakara Rao et al.‚ 1970 and Iqbal Hasnain and Qureshy, 1970) revealed
very interesting results. Briefly, while the emplacement of dykes was controlled
by the prevailing tectonic features (Appajee, 1970 and Sitaramayya and Appajee,
1972), the dykes could possibly belong t0 two lithological groups Viz.‚ alkali and
tholeiitic and that both these types might have originated during Precambrian
as well as Cretaceous and Tertiary periods (Divakara Rao et al.‚ 1970; Verma et
al., 1968 and Iqbal Hasnain and Qureshy, 1970).

With a View t0 substantiate the field geophysical anomalies from certain
parts of Andhra Pradesh by the present authors, a set of about 40 dolerite dykes
were sampled from the Districts of Hyderabad, Nalgonda and Khammam. The
results and analysis of the study of the bulk density and magnetic susceptibility
of the samples are discussed in the following.

O340-062X/78/0044/O353/801.00
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Fig. l. Histograms and frequency curves for density and magnetic susceptibility of dolerites

These dykes of varying sizes trend in E-W, NW-SE, N-S and NE-SW
directions and appear in the midst of Peninsular granitic country. A minimum
of two samples from each dyke were studied in the laboratory using a den-
sitometer (accuracy 0.02 gm/cc) and a magnetic susceptibility meter (value
measured upto i5x10’öcgs unit in earth’s field). Both the density (0') and
susceptibility (k) values showed wide ranges of variation (2.81 to 3.22 gm/co for a
and 10><10’6 to 10,000x10‘öcgs for k). Evidently this variation could not
alone be due to the effect of weathering. Hence a statistical approach was
adapted to study the variation phenomenon of these widely scattered values. It
was observed that while the density values obey the law of normal distribution
the magnetic susceptibility values follow the log-normal distribution.

In Figure 1 are presented the histograms and frequency curves with the r.m.s.
deviation as the class interval. The two peaks and central low of the frequency
ourves are corresponding in both the parameters a and logk in the present case.
As these two parameters obey normal distribution law, the two parts of the
curves on either side of the central low were treated here as two separate normal
curves Showing the different groups of dolerites with approximate average
values 2.88 gm/cc and 1.6 (k=40 x 10'Öcgs) and 3.12 gm/co and 3.2 (1,600
x 10‘6 cgs) respectively in each group.

The above classification of the dolerites was further verified by statistical
probability study by adapting Kalmogorov’s test (Kapur and Saxena, 1976). The
probabilities that 0 and ‘log k’ of the whole set of samples follow normal
distribution were obtained as 0.02 and 0 respectively. The same test, however,
when adapted on the two groups separately for the two parameters a and logk
respectively showed the probability as 0.992 and 0.997 for group I and 0.997 and
0.632 for group II.

The dolerite samples with smaller a and logk values fall in group I while
those with higher values fall in group II. However, it was observed that a few
(about 3 or 4) samples with lower density (group I) showed higher susceptibility
values (group II) and Vice versa. Perhaps this indicates the scatter phenomenon
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Table l.

1 2 3 4 5 6 7 8 9

Wh 1 t f 1 39 281—322 012 3 89 39 130—372 080 3112O C SC O samp CS
3.03

. .
244

. .

G 1 20 2'81—3'00 006 186 18 1'30—2'18 025 1381roup 2.932 ' ' 1.81 ' '
- 3.05 — 3.22 2.65 — 3.72Group II 19 ————— 0.05 1.49 21 —— 0.43 13.323.13 3.23

Columns 2 to 5: Statistics of Bulk density (o)
Columns 6 to 9: Statistics of Magnetic susceptibility (log k)
Columns 2 and 6: No. of samples
Columns 3 and 7: Range and average
Columns 4 and 8: r.m.s. deviation
Columns 5 and 9: Coefficient of variation

in the samples. For such samples and also for samples with border line values
additional data from chemioal analysis or petrographio studies are necessary for
their identifioation.

In Table 1 are given the number of samples, average value, r.m.s. deviation
and the coeffioient of variation1 for the two physical characters studied for the
whole set of samples as well as for each group separately. One oan find from this
table that the r.m.s. deviation and the coeffioient of variation for the individual
groups are very low when compared to those values for the whole set, thus
justifying the two fold classification of the samples.

Correlation coeffioient obtained for 0 and logk values for the entire set is
positive and equal to about 0.84. This is in good agreement as the inorease in
mafic content inoreases both density as well as magnetic susceptibility of the
dolerites.

Petro-chemical and palaeomagnetic studies by Iqbal Hasnain and Qureshy
(1970) suggest that some of the basic dykes of Peninsular India do belong to
Precambrian alkali basalts while most of the dykes are of tholeiitic type
equivalent to Deccan Traps. Manson (1967) reported that the average chemical
composition of tholeiitic dolerites shows slightly higher values of SiOz(51.20 %)
and CaO (10.10%) and lower values of NaZO (2.20%), K20 (0.90%) and TiO2
(1.50 0/0) over those of the alkalic dolerites (SiO2 ——48.30 "/0, CaO—2.8O %‚ NazO
— 3.30 %‚ K20 — 1.30 O/o and TiO2 — 1.80 %) while the percentages of the minerals
are almost identical for both types. The ultimate deduction may be that the
tholeiitic dykes could be expected to show smaller values of a and k due to high
silioa and less mafic content. Thus the tWo groups of dolerites identified from
their a and k values might be representing the tholeiitic and alkali types of
dolerites.

The authors acknowledge the assistance received from Mr. B. Chakrapani
Sastry in collecting the field samples. A part of the work was financed by
C.S.I.R.
1 Coefficient of variation is the percentage ratio of the r.m.s. deviation to the arithmetic mean value
of the set. It represents the variability of the given property of rock samples (Kreiter, 1968)
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Detection of Meridional Currents
in the Equatorial IonOSphere
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Abstract. Theoretical investigations predict meridional currents in the dy-
namo region of the ionosphere a few degrees north and south of the
magnetic equator as‘a consequence of the equatorial electrojet. The magnetic
fields of these currents are perpendicular to the permanent magnetic field of
the earth and cause a height variation of the magnetic declination. It was the
aim of six rocket launches performed in 1970 near noon at Natal, Brazil, to
detect these currents. To reach this objective, identical payloads each consist-
ing of two flux-gate magnetometers, a solar aspect sensor, an experiment to
measure the angle between the magnetic field and the direction to the sun,
and an impedance probe to determine the electron density were launched
under different magnetic conditions. The predicted variation of the de-
clination has been observed but with considerably higher amplitude than
was expected. On the other hand, the measured height integrated current
density in the west-east direction was smaller than deduced from ground
based magnetic H-Variations.

These discrepancies can be explained by currents flowing at 5 degrees off
the magnetic equator, on both sides, with intensities of about 0.3 of the
electrojet intensity at the same height but in reversed direction. Such
reversed currents have recently been observed from ground based magnetic
observations by others and have also been interpreted theoretically by
ionospheric Wind effects.

Key words: Equatorial electrojet — Meridional currents — Rocket
experiments.

Introduction

Untiedt (1967) has shown that the primary eastward electric field responsible for
the equatorial electrojet also gives rise to a meridional current flow perpendicu-
lar to the equator. This flow constitutes an infinite solenoid which generates a
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toroidal east-west or west-east directed magnetic field within the ionosphere. A
schematical representation of the meridional current flow and of the equatorial
electrojet is shown in Figure 1.

According t0 calculations by Untiedt (1967), Sugiura and Poros (1969) and
Richmond (1973) the two maximum absolute values of the toroidal magnetic
field A YM which changes sign above the magnetic equator are t0 be expected at
about 300 t0 400 km off the magnetic equator and at an altitude of about
120 km. The magnitude of these values should be about the same as that one of
the magnetie variations on the ground caused by the electrojet at the magnetic
equator. .

Assuming a value of 160 nT for such a variation on the ground, representing
a moderately developed electrojet, the toroidal magnetic field should Change the
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declination of the total earth’s magnetic field by as much as 0.5 degrees at
120 km altitude and at the flanks of the jet. The contribution t0 the total field
intensity at this height should be less than 1nT because the direction of the
disturbing toroidal magnetic field is nearly perpendieular t0 the permanent field
F (F 225,000 nT).

Because the toroidal field is confined t0 the ionospheric E- and F-regions it
is not observable on the ground and can only be detected by means of rocket-
borne vector magnetic measurements.

The present paper reports on the results of six such rocket experiments that
were performed at Natal (Brazil) in October 1970. Day and time of each launch
may be taken from Figure 8. Natal was selected as the launch site because it is
situated about 380 km off the magnetic equator (Fig. 2), approximately below
the maximum of the toroidal field strength (Fig. 1).

Description of Instrumentation

A detailed description of the instrumentation is given by Musmann (1971),
therefore only some particulars of the payload will be reported on here.

On board the rocket the electron density was measured using an impedance
probe developed by Melzner and Rabben (19.70). The components of the
magnetic field parallel and perpendicular t0 the spin aXis of the rocket were
determined by flux gate magnetometers (Förstersonde). The spin modulations of
the magnetometer outputs were eliminated on board by filtering. It was there-
fore possible to limit the measuring range for the component R perpendicular t0
the spin axis to 8,000 nT with a constant Offset of 20,000 nT while the measure-
ment range of the longitudinal component L was 0 t0 13 ‚000 nT. Using a fast 12
bit A/D-converter a resolution of about +1 nT for the radial (R) and +15

nTfor the longitudinal component (L) was obtained.
The sampling rate for all sensors was triggered by a precision differential sun

slit sensor giving one pulse per rotation of the r'ocket. ‘For each rotation (spin
frequency approximately 10 Hz) the field magnitude F and the angle oc between
the figure axis of the rocket and the field vector were calculated according t0 F
=(R2 +L2)1/2 or tan 0c: R/L

respectively
The resolution of oc is about one

minute of arc.
The angle 1/1 between sun direction and figure axis (see Fig. 3) was measured

with a high accuracy solar aspeet sensor developed by Ernst Leitz GmbH,
Optische Werke, Wetzlar, Germany. The resolution of this sensor was 1.8 min of
arc.

From the rocket data the variation of declination is seen in the variation of
the azimuth angle vr between the sun meridian indicated by the sun slit sensor
and the direction of the magnetic field detected by a search coil. This angle v
was determined as the time difference between both Signals. The time resolution
was 1 us corresponding to a resolution of 0.4 min of arc.

In addition the spin period of the rocket was measured with the same
precision slit senor with a resolution of 4 11s. Four payloads operated success-
fully (F 1, F3, F4, and PT). One failed partially, and for one flight the solar
aspect sensor was out of range.
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Fig. 3. Coordinate system defining the measured angles oc, (p, v. x, y geographical north and west
direction; D, I, H magnetic declination, inclination, and horizontal component, respectively

Identification of the Toroidal Field

In Figure 3 the sun is represented by its coordinates Ä (distance from zenith) and
a) (azimuth). These values can be calculated for each flight using the geographi-
cal coordinates of Natal, the launch time, data from the Nautical Yearbook
1970, and the tracked trajectory of the rocket. The flight altitude of the rocket is
negligible when compared t0 the distance of the sun. The direction of the
magnetic field vector F ist characterized by the inclination I and the declination
D.

The spherical triangle given by the direction towards the sun, the field vector
F and the rocket figure axis (Fig. 3), is determined by the measured solar aspect
angle w, the field direction angle oc, and the azimuthal angle v. From these
measured quantities the angle ä between sun and magnetic field direction, here
named 51 can be calculated according t0 the equation

cosälzcosd/cosoc+sinlßsinoccosv (1)

with an error of a few minutes of arc.
The orientation of the spherical triangle in space is not considered because it

is of n0 interest for the subject in question. 61 is the “measured value” of ä.
On the other hand a second value for f (named {2) can be calculated using

the triangle represented by the sun’s direction, the field vector F, and the vertical
axis Z, from calculated values of ‚l, a), I, and D:

cos 62 =cos ‚l sin I +sin Ä cosI cos (D —co) (2)
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I and D, respectively, are the undisturbed values for inclination and declination
of the earth’s magnetic field along the trajectories. The variations of the
inclination and declination produced by the main electrojet without meridional
currents can be neglected. Therefore 52 is a “calculated value” of f, neglecting
the influence of the meridional currents.

Figure 4 ShOWS the predicted variations with height of the field components
AXEED AZEEJ, and A YM as produced by the main electrojet (index EEJ) and by
the meridional current system (index M), respectively.

It is assumed that the difference between the measured and the calculated
values f, namely between 51 and 62, must be causad by the meridional current
system via ADM‚ the variation in declination caused by the meridional current
system. According t0 Untiedt’s (1967) model significant values of ADM are t0 be
expected in the region 90 kmghg 130 km only. Therefore 51 and 62 should be
identical with the exception of this region where the meridional currents are
flowing.

However there can be a systematic deviation between the two curves {1(12)
and €202) due t0 differences between the actual values of D and I and those
calculated from spherical harmonic expansions, which are used t0 determine
(5202). However, this difference is not critical as will be shown later. If the
influence of the meridional current system (ADM) is taken into account, D—a)
has t0 be replaced by D—co+ADM in Equation (2), and also 52 has t0 be
replaced by 61. This yields the relation

cos 61 =cosÄ sinI+sinÄ cosI cos(D—co) cosADM
—sinÄ cosI sin(D—co) sinADM. (3)

ADM is expected t0 be < 1°, that means cos ADMgO.9998. Therefore we use
cos ADM= 1. AIM is assumed t0 be zero because the meridional currents produce
n0 vertical magnetic disturbance.
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Fig. 5. Example (experiment F 3) of observations of 61 and calculations of (52 as function of flight
time. For exact definition of the angles (cf. Fig. 3) 61 and 62 see text. cf’z shows the influence of a
constant shift in inclination I by —0.1° which gives the best approximation to 51 in the regions
where the influence of the meridional current systems should be negligible

Now, the combination of Equations (2) and (3) yields

cos—cosä1
sin/1 cosI sin(D—co)'finADM= (4)

The values of D and I can be oalculated aocording to Cain et al. (1968) using the
spherical harmonic expansion of the earth’s magnetio field and the NASA
GSFC 12/66 set of coefficients with deviations (actual main magnetic field minus
computed field) of about i020 for the flight area.

Due to the uncertainties in the spherical harmonic expansion a small but
nearly constant deviation between 610) and €20) may be expected. This de-
Viation may be eliminated by including a constant shift of D and I in the
calculation of 520). Figure 5 shows the effect of such a shift in I (as an example).
Apparently, only by including such a oonstant shift it is possible to matoh 61
and 62 below and above the height region of meridional currents. The finally
adopted shift of I —0.1° represents the best fit between 61 and 52 for h<90 km
and h>200 km. For all flights the curves 52a) were adjusted in the same
manner.

Observational Results

All impedance probe measurements show a fairly smooth increase of the
electron density with height and are similar in character. Therefore only the
results of flight F 5 are shown in Figure 6 as an example. More details about
these measurements are given by Mühlhausen (1974). The results also agree with
other observations of electron densities in the equatorial ionosphere, e.g. (Aikin
and Blumle, 1968), (Jacobs and Rawer, 1966), (Jacobs and Rawer, 1965), and
(Maynard, 1967).
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From the two magnetometer outputs R and L the field magnitude Fob was
caleulated according to Fob=(R2+L2)1/2. A field magnitude FGSFC computed
according to Cain et al. (1968) using the NASA GSFC 12/66 set of coefficients
was subtracted from the observed field F0b to get the observed field intensity
difference AF. These values of AF are shown as a function of height in Figure 7
for the different rocket experiments. Only differences of AF are meaningful,
because no zero adjustment has been made in all these cases. The remarkably
nearly parallel shifts in ascent and descent curves for flights F1, F3, and F5 are
mainly due to uncertainties in the determination of the rocket trajectories. This
is due to the fact that only skin tracking radar observations for limited time
intervals after launch were available.

During all the flights a steep decrease in AF is to be seen beginning at
altitudes of 100 km for flights, F 3, F 4, and PT, at about 110 km for F 1 and F 5,
and at 90 km for F 2. A second but not as well defined change in slope is to be
seen at 125 km for F2, F4, PT, at 130 km for F 3, and F 5, and at 120 km for F 1.
If we assume that the observed slope is due to the main electrojet current a
variation in thickness of the current layer from about 15 to 35 km may be
derived.

A close correlation between the magnitude of the magnetic variation in the
horizontal oomponent H on the ground and the total variation of AF with
height is to be expected. Figure 8 shows the H traces as observed at Natal for all
six rocket launches, taken from Musmann et a1. (1971). If we define AH as the
difference between the H component during rocket flight and the H level of the
two nights before and afterwards, it may be seen (Table 1) that AH is nearly
equal to AFwtal. On the 0ther hand, the relation AFmtalzZ ' AH when passing the
current layer should hold, if the internal part within AH is being neglected. A
possible explanation for this apparent discrepancy will be given below.

During the flights F 1 and F 4 some special features are to be seen in the AF
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Table l. The measured total AF variation during flight and the
ground observation of AH at Natal for the flight time

AF (flight) AH Natal

aseent (nT) descent (nT) ground (nT)

F 1 45 45 2:30 (disturbed)
F 2 80 80 80
F 3 100 100
F 4 100 60 88 (decreasing t0 80)
F 5 100 92
PT 40 7e 30 (disturbed)

Fig. 7. Differenees A F between observed (Fob) and caleulated (FGSFC) field magnitudes versus altitude, for
the different roeket experiments. Only every tenth measured value has been plotted. Differences between
aeeent and desoent are due to uncertainties in trajectory determination and in spherieal harmonie
representation of the actual permanent magnetic field. The abseissa values are not eorreoted for absolute
numbers‚ beeause only the variations of magnitude are of interest. The 5mal] periodieal variations in the
representations for F 2, F 3 and F 5 are due to the influenee of the on board Spin demodulation on the
nutation modulation of the magnetometer outputs
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Fig. 9. The existence of meridional currents is seen in the measured variation ADM of the declination
with altitude. Each point of the dotted lines represents an average of 10 measured values. The solid
lines represent model calculations including currents on both sides of the equator with intensities of
0.3 of the electrojet but in reversed direction

curves: For flight F 1 a change in AF occured when the ground observations
showed a small positive change in the decreasing phase of H indicating also a
temporary increase of the current density. The AF curve for flight F 4 showed
two significant extreme values at about 150 km and 125 km during the descent.
These variations were not seen in the ground data, which only showed a steep
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Table 2.

Flight Max. value AH A YM AHE
of A DM (magn. Equator) (nT) (nT)
degrees (nT)

F 1 z 1 (disturbed) z 430 ‘?
F 3 z 1 185 z 430 346
F 4 0.7 170 300 284
PT 0.3 80 130 121

decrease in H of nearly 10 nT during the flight time. Therefore the variations
during this flight must be due t0 locally enhanced current densities.

While the effect of the electrojet is seen in AF, the disturbance of the
meridional current is observed as a variation ADM of the declination D. T0 get
this variation 61 was calculated according t0 Equation (1). This was possible for
the four successful flights F 1, F 3, F 4, and PT. The computed curves of 52 were
shifted as discussed above in connection with Figure 5 t0 get a good agreement
between the curves €102) and 5202) above 200 km as expected although the
corrections are only made for hg90 km altitude. A deviation between both
curves can clearly be seen in Figure 5, as an example, between 100 km and
200km altitude. This deviation is considered to be due t0 the effect of the
meridional currents of the electrojet system.

To get ADM Equation (4) is used. The term (sin Ä cos I sin (D ——a)))‘1 is of the
order of 7 to 10 for all flights and varies only slightly during a special flight. It
can be determined with a possible error of i 10 %. The ADM results for the four
flights are shown in Figure 9. Each point of the dotted lines in Figure 9
represents an average of 10 measured values. As expected from the electrojet
model the maxima of ADM occur at higher levels than the main electrojet and
are much broader.

The measured maximum values of ADM are given in Table 2 for the four
flights, together with the instantaneous values of AH at the magnetic equator
(station Fortaleza) and values of A YM which is the toroidal field strength from
the given ADM. The meaning of AHE will be explained later.

Although there se€ms t0 exist some correlation between AH and A YM within
Table 2 the observed A YM/AH amounting t0 about 2 is larger than has t0 be
expected from Untiedt’s (1967) model. According t0 this model the A YM maxi-
mum value should be comparable t0 the equatorial AH variation at the ground.

Possible Explanation of the Observations

Although the equatorial electrojet and the toroidal magnetic fields of the
predicted meridional currents have been observed within our rocket experiments
there seem t0 exist two discrepancies:

1. The measured total AF variation with height is considerably smaller than
expected from the ground AH measurements via calculations according t0
Untiedt’s (1967) model.
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2. The observed toroidal magnetic field AYM is larger than predicted by
Untiedt’s (1967) model by about a factor of 2.

In addition to recent results from ground based magnetic observations
(Fambitakoye and Mayaud, 1976a and b; Hesse, 1977, private communication)
our results indicate that the influence of other currents has to be taken into
account.

The ground based observations mentioned clearly have shown the existenoe
of two seoondary ourrent ribbons flowing at about 500 km distance from the
magnetic equator in a direction which is opposite to the direction of the main
electrojet. Richmond (1973) has shown that an electrojet model including the
effects of height-dependent ionospheric east-west winds is able to generate such
secondary current ribbons. His model has been applied by Fambitakoye et al.
(1976€) to explain the recent observations of Fambitakoye and Mayaud (1976a
and b). Accordingly, we assume that the observed magnetic variations AH on
the ground are a superposition of the effects of the following currents: the
equatorial electrojet, the reversed currents north and south of the equator, the
normal Sq-current system, and their induoed currents.

For eaoh rocket flight the AH variation on ground was measured at the three
stations Fortaleza (d=0 km, d=distance from the magnetic equator), Mossoro
(d = 180 km) and Natal (d = 370 km) [Musmann et al.‚ 1971].

For the simplified model three equivalent line currents were selected: a line
ourrent at an altitude of 500 km above the magnetic equator and two reversed
line currents at an altitude of 400 km at a distance of 500 km north and south
from the magnetic equator with 0.3 the eurrent intensity of the main electrojet.
These equivalent line currents representing the main electrojet and the reversed
currents, respectively, are producing the same magnetic variations on the ground
as the measured quantities. The hights and distances of the line currents from
the magnetic equator were selected to match the observed latitudinal field
distribution on ground while the ratio of the current densities was chosen to give
a best fit to the H-observations at Natal and Fortaleza.

For adaptation of the model there are still three variables free: The current
intensity I of the electrojet line current, a part of AH which is independent of d
(representing the contribution from the Sq ourrent system) and the depth T of an
infinitely eonductive layer for modelling the induced currents.

A value of T= 200 km was selected which gives maximum influence of the
induced currents, according to observations reported by Sastry (1973), Davis
et al. (1967), and Hesse (1977, private communication). On the other hand,
Fambitakoye and Mayaud (1976a) have shown that the effective depth for
image earth currents must be greater than 1200 km for regular variations.
Therefore in Figure 10 also the AH (d) profile including no effects from induced
currents, i.e. for the case T: oo, are shown to demonstrate all possible values
between maximum and zero influence. To AH (d) in Figure 10 one possible
profile of Sq as observed in Brazil (Hesse, private communication) was added.
The absolute value of the electrojet current intensity I was selected to match the
observations of AH in Natal. Using this simplified model it is possible to
calculate the influence in the observed H values of the reversed currents for the
station Fortaleza (magnetic equator). In Table 2 the value AHE is representing
this correoted AH value.
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Fig. 10. Model ealculations for AH (d) on the ground for the electrojet and two reversed eurrents at a
distance of (1:500 km north and south of the equator with a current intensity of 0.35 each with
respect to the electrojet. The indueed currents assuming a perfect conductor at a depth of T=200 km
are included in the curves of AH(d) and AH(d)+Sq. One possible Sq profile taken from ground
based observations (Hesse, private eommunication) is added to H(d) to get A H(d) +Sq. (Sq is
about 30 nT for Natal). For comparison a profile neglecting indueed currents (T: oo) is also shown.
The magnitude of the electrojet current was Chosen to get the best agreement at d =0 km (Fortaleza)
and d = 370 km (Natal) with ground observations for flight F 3. The observations of H on the ground
at Fortaleza and Natal are marked (Q)

According to Untiedt’s model this value AHE would be comparable with
the maximum value of A YM of the toroidal field. As can be seen in Table 2 this is
now in good agreement so that the second discrepancy eited above has been
removed. In Figure 9 the solid lines represent calculations of AD(h) including
the influence of reversed currents of 0.3 the strength of the electrojet. The
agreement with observations is fairly good for F 1 and PT, whereas the results
for F 3 and F 4 differ signifioantly in the shapes of the curves but not so much in
amplitudes. This may be due to meridional currents with other current
distributions.

In order to predict AF(h) the variation with height for Natal (d = 370 km) from
this simple model, an equivalent current density J (d) at 100 km height has been
calculated under the condition that it produees the same magnetie field as the
three line eurrents mentioned above between this height and the ground. For
heights greater than 100km the magnetio field is assumed to be that of the
current layer J (d) with zero thickness. Therefore there is a jump in AH (h) at
100 km. If one includes also the field of the indueed currents, one obtains AH (h)
profiles for any distance d which can be eompared with the measured flight
profile, approximately.

Figure 11 'shows the ealculated profile AH (h) for d=0 (magnetie equator)
and d =37O km (Natal). The asymmetry with respect to the line AH =AF =0 nT
results from the fact that the magnetic field of the indueed currents does not
ehange sign at the height of the electrojet. In addition to the theoretical eurves
(solid line) the observed values AFob for flight F 3 as an example are shown
(dashed line) together with a curve AHu calculated from Untiedt’s (1967) model
without reversed eurrents. The observational results are in good agreement with
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the simple model calculations also for the other flights, so that the introduotion
of reversed currents also removes the first discrepancy.

Using this model it is also possible to explain the rocket flight results of
Davis et al. (1967) in more detail. At Natal a ratio of 1:1 for AHzAF0b was
observed for all flights under regular magnetic conditions (see Table 1). But as
can be seen from Figure 11 this ratio is a function of the distance d from the
magnetic equator, reaching a value of 1:2 for d 20 km. This is in agreement with
observations of Davis et al. (1967) who measured AF (flight) and AH (ground) as
a function of latitude. For comparison their results are shown in Figure 12
together with our results. Thus it seems that with the model described above not
only the amount of the AF variation but also its latitudinal dependence as
observed by Davis et al. (1967) can. be explained.
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Conclusions

It was the aim of the rocket experiments to verify the existence of meridional
currents in the equatorial ionosphere. The results obtained clearly indicate such
currents, but the measured values of AF and ADM (in Tables 1 and 2) can be
explained only by taking into account reversed currents. The strengths of these
reversed currents giving the best fit to the observed results were calculated.
Similar values were deduced from ground-based measurements. With the as-
sumption of reversed currents the observed variation of AF with latitude can
also be explained. Although not all details of the observations can be explained
by this simple model, some understanding of the observed AF and ADM
variations seems possible. However, up to now there are no simultaneous
measurements in the ionosphere of the electrojet and its reversed currents. To
get a better picture of the electrojet phenomena simultaneous rocket measure—
ments at at least three different distances from the magnetic equator should be
carried out: At the equator to get the maximum effect of the electrojet, at the
center of the reversed currents which is at about 500 km north respectively south
of the magnetic equator, and at about half this distance. In addition to the
rocket borne measurements ground based observations of the earth’s magnetic
field on a profile perpendicular to the magnetic equator should be carried out
also. The influence of the Sq-currents can only be calculated if there are
observations at a distance far enough from the magnetic equator. Therefore
ground stations at 3,000 to 4,000 km off the equator should be included. With
actual values of magnetic variations along a groundbased profile of some
thousand kilometers and ionospheric observations at three different distances
one should be able to distinguish between the different current systems. Besides
some minor changes the payload described here seems to be suitable for
ionospheric measurements, and especially for the observation of meridional
currents.
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Abstract. As a contribution to the International Magnetospheric Study the
University of Münster has installed an array of 32 Gough-Reitzel type magne-
tometers located mostly in Northern Seandinavia. Also for the IMS, the
Max-Planck-Institut für Aeronomie at Lindau is operating the Scandinavian
Twin Auroral Radar Experiment (STARE) which consists of two nearly
identical backscatter radars located near Trondheim (Norway) and Sauva-
maki (Finland). For a weak isolated substorm on October 7, 1976 the spatial
structure of the electron density irregularities observed by the Trondheim—ra-
dar and the equivalent current distribution derived from the magnetic mea-
surements have been compared. A good correspondence has been found
between the location and magnitude of the maxima of the horizontal mag-
netie disturbance and the radar backscatter amplitude for an eastward elec-
trojet. For most of the comparison there appeared also to be good agreement
between the direction of the equivalent current and the direction antiparallel
to the line-of-sight irregularity drift. This supports the idea that the backscat-
ter irregularities are caused by current driven plasma instabilities and that
it is possible to determine auroral ionospheric currents with the backscatter
radar technique. However, during periods of enhanced electron preeipitation,
differences between the drift directions given by the two methods were
observed.

Key words: Auroral electrojets — Scandinavian magnetometer array —
STARE-radar.

Introduction

As a result of the International Magnetospheric Study (IMS), extensive new
arrays of ground based geophysical instrumentation have been installed in north-
ern Scandinavia. Two of these new systems are a two-dimensional array of
32 magnetometers (Küppers et al., 1978) of an improved Gough-Reitzel type
(Gough and Reitzel, 1967) and a two station radar auroral experiment— STARE
(Greenwald et al., 1977).

0340-062X/78/OO44/0373/50220
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The magnetometers are sensitive to current flows in the polar region. These
include horizontal ionospheric currents which are commonly referred to as
auroral electrojets and magnetic field aligned currents which are associated
with these electrojets. The STARE-radars are sensitive to electrostatic ion waves
in the auroral E—region. These waves, often ealled irregularities, are produced
by the combined effect of the two stream (Buneman, 1963; Farley, 1963) and
gradient drift (Rogister and D’Angelo, 1970) plasma instabilities. Both of these
instabilities require a sufficiently large relative drift between the Hall drifting
electrons and the collision dominated ion species. Hence, these instabilities
occur within the regions of the auroral electrojets.

During the past several years a number of studies have shown a olose eorre-
spondence between the location of radar aurora and the location of electrojet
currents. Some of these studies have used ground-based magnetometers to locate
the currents'\‚(e.g. Greenwald et al.‚ 1973, 1975; Tsunoda et al., 1976), whereas
others have used the Chatanika incoherent scatter radar to determine the E-re-
gion current density (Siren et al., 1977). In both cases a curious linear relationship
has, at times, been observed between the electrojet current strength and the
intensity of radar auroral backscatter. This relationship has, as yet, not been
explained.

In this paper we report the results of a similar study using the 32 magnetome-
ter array and the STARE radar located near Trondheim, Norway. The compari-
son was done for a three hour period of a substorm on 7 October 1976. We
have found, consistent with previous studies, that radar auroral irregularities
are collocated with the eastward electrojet currents and that, within our experi-
mental error, the amplitude of radar auroral irregularities associated with the
eastward auroral electrojet appears to be linearly related to the intensity of
this current.

We have also been able to use the Doppler capabilities of the Trondheim
radar to determine if the Doppler shifts of the backscattered Signals were consis—
tent with the electrojet current directions obtained from an equivalent current
analysis. Since linear plasma theory indicates that radar auroral irregularities
have a mean drift in the electron drift direction (e.g. Buneman, 1963; Rogister
and D’Angelo, 1970) one would expect the mean drift of the irregularities to
be opposite to the Hall-current direction. Having only the Trondheim radar
it has not been possible to determine the precise irregularity drift direction.
However, we were able to determine if the sign of the Doppler shift was oonsistent
with the current direction. In general eastward electrojet associated irregularities
and irregularities in the region of the Harang-discontinuity ‚(Harang‚ 1946) had
Doppler shifts consistent with the electrojet current direction. However, irregular-
ities observed in conjunction with the westward electrojet near the maximum
phase of the substorm were found to have drifts inconsistent with the concur-
rently derived equivalent current directions. -

Description of the Instrumentation

The locations of the magnetometers used for this study are shown in Figure 1.
Basically, they are located along 5 roughly parallel north-south profiles. The
spacing between magnetometers within these profiles varies from 100—150 km.
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A number of additional magnetometers have also been used and are also plotted
in the figure. Recently, a more complete description of this magnetometer net—
work has been given by Küppers et al. (1978)

The coordinate system used in Figurel has been denoted as the Kiruna-
system (Küppers et al., 1978). It is a cartesian system obtained from a stereo-
graphic projection of the globe onto a tangential plane centere'd on Kiruna,
Sweden (67.8o N, 20.4° E). The yKI-axis has been chosen so that it is tangential
to the projection of the (bc(K1)=64.8° line with 49c being the revised corrected
geomagnetic latitiude given by Gustafsson (1970). The xKl-axis is parallel to
the revised corrected geomagnetic meridian and is directed approximately 12°
west of geographic north.

Again referring to Figure 1, the area enclosed by the dashed lines is the
region examined by the central eight beams of the receiving array of the STARE
radar near Trondheim. Within this area, the spatial resolution of the radar
is approximately 20 km by 35 km by the vertical thickness of the scattering
region. Normally, the last dimension is approximately 20 km. The temporal
resolution of the radar was set at 60 s during this event.

The STARE radar is designed to measure the intensity and radial Doppler
velocity of the radar auroral irregularities Within each resolution cell of the
scattering volume during each integration period.

The intensity data is oorrected for antenna pattern variations‚ range depen-
denee, and aspect angle dependence. All of these corrections and the methods
by which the intensity and Doppler velocity information are obtained are
described in detail by Greenwald et al. (1977).
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Overview of the 76-10-07 Substorm

On 7 October 1976, an isolated, weak substorm (s3) occurred between 1600
and 2200 UT (1830—0030 MLT). The magnetic effects Observed in the Scandinav-
ian sector in conjunction with this substorm are summarized in Figure 2. Here
we Show the A-components (magnetic deflection parallel t0 xm) for four profiles
and the northeast and southwest stations. We also ShOW the B-components
(magnetic deflection parallel ym) and the vertical Z-components for profile
3. The components are obtained by conformal mapping of the spherical magnetic
components.



|00000389||

Joint Magnetometer and Radar Observations of Auroral Currents 377

One can see that, between 1600 and 1800 UT, the A-Components of all
stations exeept the northernmost (B4-Bear Island) were positive, thereby indieat-
ing an eastward electrojet over northern Scandinavia. Between 1800 and 1900
UT these features ehange dramatically. In partieular the stations to the south
continue to indicate positive disturbanoes for most of the hour, whereas the
stations to the north begin to show negative disturbanoes indicative of a westward
electrojet. The most dramatic ehanges take place shortly after 1830 UT. This
current configuration with westward currents to the north and eastward currents
to the sourth is a feature that occurs, on the average, shortly before magnetic
midnight. It has beeome known as the Harang discontinuity (Harang, 1946).

The B and Z eomponents on profile 3 also show dramatic variations after
1830 UT. The B-variations may be interpreted as north-south directed currents
or the effects of field-aligned currents.

After 1900 UT, nearly all magnetometers have negative deflections indicative
of a westward electrojet. This condition slowly weakens and eventually the
current reverses. After 1930 UT most magnetometers again show a positive mag-
netic deflection suggesting an eastward electrojet.

On this day, the STARE radar near Trondheim reeorded nearly continuous
baekscatter after 1430 UT. After 1600 UT, the region moved southward over
northern Scandinavia. Until 1812 UT, only positive Doppler velocities were
observed. These Doppler shifts could be interpreted as being due to westward
moving irregularities. Hence, they are associated with an eastward electrojet.

After 1812 UT, negative Doppler velocities were, at times, observed in a
seeond scattering region located well to the north of the eastward electrojet
associated irregularities. These Doppler shifts could be interpreted as being
assooiated with eastward moving irregularities (westward electrojet). During
two periods, 1812—1912 and 2015—2045, the poleward scattering region under-
went interesting Doppler variations, in which the Doppler velocity changed
from positive to negative and then back to positive. These variations could
be interpreted as rotations in the direction of the poleward current system.
The equatorward scattering region either weakened or moved equatorward of
the STARE viewing area during these periods.

Comparison of Magnetic and Radar Observations

In Figure 3 we present several eomparisons of the magnetie and radar data
during the period from 1700—2015 UT. The upper curve in this flgure shows
the variation in the ratio of the maximum horizontal magnetic disturbanee
(Hmax:(]/ A2 +B2)max) to the maximum correoted backseatter amplitude (Rmax)
observed in the common area of both measurements. The amplitude is simply
the square root of the backscatter intensity. Both the radar and magnetic data
represent 1 min averages taken every 5 min. The radar data are averaged over
a 100 >< 100 km2 area. These areas were ehosen as being more comparable with
the spatial resolution of the magnetometers. The ratios have been normalized
so that their average value over the entire period is unity.
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Fig. 3. Comparison of magnetic and radar data during the period from 1700—2015 UT. The upper
curve shows the variation in the ratio of the maximum horizontal disturbance to the maximum
corrected backscatter amplitude while the middle set of curves shows the latitudinal locations
of these two maxima. The lower comparison relates the main direction of the magnetic equivalent
current with the halfplane of allowable current direction consistent with the Doppler velocities

One can see that over the entire period of the measurement the ratio never
varies outside of the range O.7—1.3‚ even though there have been appreciable
variations (up to a factor of 5) in both the horizontal magnetic disturbanco
and the backscatter intensity. This near constancy is more impressive when
one considers that the probable errors in this oomparison are of the order
of i20%. They are due to uncertainties in interpolating the correct maximum
amplitude between the observed values. Additionally, we have not oonsidered
the effects of field-aligned currents on the horizontal components or the effects
of changes in the induced currents as the ionospheric current layer moves from
being over water to being over land. For the radar meaSurements, variations
in backscatter power could result from cross section changes produced by rota-
tions of the current direction or changes in the height of the irregularity layer.
None of the problems is, as yet, completely understood.

The middle set of curves in Figure 3 illustrates a comparison of the latitudinal
locations of the maximum magnetic disturbanoe and the maximum backscatter
amplitudes as a function of time. The magnetic data are represented by the
small crosses and the radar data is denoted by circles. The latitudinal error
for each set of measurements is shown by the error bars near each axis. One
can see that between 1700 and 1840 UT the maxima of the magnetic disturbance
and radar backscatter amplitude are at virtually the same latitudes. The same
behaviouris true after 1945 UT when both techniques again observe maxima.
Although the figure only displays a latitudinal comparison, we have found
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longitudinal variations of both maxima, but the spatial collocation was also
observed. That is, the strongest backscatter is observed in the E-region above
the magnetometer that observes the largest magnetic disturbance..

From the latitudinal comparison of disturbance maxima, we see that the
radar observes a second maximum between 1755 UT and 1920 UT. However,
as the current appears to be located well north of the Scandinavian coast,
the magnetorneters were unable to see the maximum.

Finally, the lower comparison in Figure 3 relates the main direction of the
equivalent current derived from the magnetic A- and B-Variations in the area
of common observations with the halfplane of allowable current directions
consistent with the observed Doppler velocities. The two measurements are
differentiated by the direction of the hatching. We see that whenever the magne—
tometers observe an eastward current, the radar observes Doppler shifts implying
this current direction (see also below). Furthermore, we see that it is an eastward
current that yielded in the interesting relationships in the upper two curves
of this figure..We also note that between 1825 UT and 1845 UT when the
magnetometers observe the effects of a westward electrojet, the radar also ob-
serves westward electrojet associated irregularity drifts. A similar explanation
can possibly hold for the period from 1815 UT to 1825 UT. It is possible
that a westward electrojet was flowing in the north at this time, but it is
too far north and was not strong enough to be observed by the magnetometers.
The only time interval in which the magnetic and radar observed current direc-
tions are not consistent, extends from 1845 UT until 1930 UT. During this
period the magnetometers indicate the presence of a westward current, whereas
the radar would predict an eastward or northward current. One should note
that during this period the disturbance maximum is well north of the northern
coast of Scandinavia and only observable with the radar.

In order to examine the relationship between the current directions derived
by both methods more carefully, we present in Figure 4 a more detailed compari-
son of equivalent currents obtained with the magnetorneters and radial current
direction component implied by the radar data. The current direction com-
ponent implied by the radar data is opposite to the observed irregularity drift
velocity component. Again, both data sets represent lmin averages and the
radar data is averaged over 100 >< 100 km2 areas.

The equivalent current vector analysis assurnes that all current producing
a disturbance on any given magnetometer flows horizontally above that magne-
tometer. The effects of field aligned currents or distant horizontal ionospheric
currents are not considered. The equivalent current veotor is obtained from
the magnetic disturbance vector by rotating the vector 90° clockwise.

There are several important differences to keep in mind when looking at
Figure 4. The length of the equivalent current vector is proportional to the
horizontal magnetic disturbance and has its origin at the observing magnetome-
ter’s site whereas the length of the radar determined radial current direction
arrow is equal and opposite to the radial irregularity velocity. The small box
at the base of each radial current direction arrow has sides proportional to
the intensity of the backscatter from that region.

In Figure 4a, we have compared the magnetic and radar data at 1700 UT.
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At this time the disturbance maxima in Figure 3 were collocated. One comes
to the same conclusion by comparing the equivalent current vectors and box
sizes in Figure 4a. Furthermore, all of the radar current direction components
in Figure 4a are consistent with the eastward equivalent current vectors. Similar
good agreement between the two data sets is observed at 1835 UT, shown
in Figure 4b. At this time an eastward equivalent current was observed by
the more southerly magnetometers and a westward equivalent current was
observed by the magnetometers on the northern coast. Again the radar implied
current directions are consistent with the equivalent current directions. One
can also see that the radar ShOWS the maximum westward-electrojet-associated
irregularity intensity to occur just north of the Scandinavian coast and hence
just beyond the latitude where the magnetometers could detect a disturbance
maximum.

Finally, in Figure 4c, one can more clearly observe the disagreement in
the data sets that occurred between 1845 UT and 1930 UT. Here, at 1910 UT,
the radar locates the maximum disturbance about 200 km north of the coast
and shows it to be associated with an eastward or northward current. The
magnetometers show a westward equivalent current with a slight tendency for
the vectors to turn northward on the coastal stations.

Discussion

As we have mentioned earlier in this paper, one would expect radar auroral
irregularities to be located within the auroral electrojets and previous studies
have shown this to be true. This study, however, has literally added another
dimension to this association. The Scandinavian magnetometer array is the
first closely packed two dimensional magnetometer network that has been set
into Operation at high latitudes for observations over several years. Used in
conjunction with a multibeam backscatter radar, it has been possible to compare
in both latitude and longitude the location of the most intense equivalent current
with that of the most intense backscatter. This comparison has shown that
the two are collocated to within the uncertainties of the analysis. Furthermore,
the ratio of the equivalent current density to the backscatter amplitude, in
the region where these two quantities maximize, remains approximately constant
throughout the measurement.

The near constancy of the current density to backscatter amplitude ratio
implies that the above mentioned possible reasons for non-constancy have either
not occurred or had a weak influence. In particular, it appears that the equivalent
current density was either dominated by horizontal currents or the ratio of field-
aligned to horizontal currents remained constant during most of the comparison.
Furthermore, it appears as if the height of the irregularity layer and the direction
of the mean irregularity drift must have remained approximately constant, there-
by not appreciably changing the irregularity cross-section.

Since the backscatter regions used for this comparison were associated with
an eastward electrojet one can ask whether variations in the drift direction
or height of the irregularities might have been expected to occur. From an
examination of the variations in the direction of the eastward equivalent current‚
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we have found thut the current direction und, hence, the electron drift direction
generally was within i 10° of the yKl-uxis. An example of these current vector
conflgurutions cun bc seen in Figure 4u. Moreover, Kumide und Brekke (l977)
huvc shown thut the eustwurd uurorul clectrojet does not undcrgo lurge ultitude
vuriations und thut it is enhunced primurily by intensificutions of the northwurd
clectric ficld. Thercfore, it would secm, thut thc irregularities ure located in
u relutively constant ultitude runge und thut the variutions in buckscutter intensity
ure ussociuted with variutions ofthe northwurd ionospheric E-field. This conclu-
sion was suggcstcd eurlicr by Greenwuld et ul. (I975) on the grounds (hat modu-
lution in lhc mugnitude oi'thc clcclric ficld would producc un ussociutcd modula-
lion in thc clcctron drii'l vclocity und, hcncc. in thc driving term of thc plusmu
instability.

Thc rclutionship oi‘ mcun rudur aurorul irrcgulurity dril‘t directions with
ionospheric currcnt dircctions is still u much dcbuled topic. Recently, therc
hus bccn un incrcusing umount oi‘cvidcncc lhul irrcgulurily mcun drift velocilics
cun bc uscd lo dclcrminc thc vclocity 01‘t Hall drii‘ting clcclrons. For exumplc,
licklund cl ul. (I977) huvc shown lhut lhcrc is good ugrccmcnt bclwccn thc
Hull dril'l 01‘ lhc F-rcgion plusmu us mcusurcd with lhc Chutuniku incohcrcnt
scutlcr rudur und thc I'i-rcgion irrcgulurity drii’t. Also. Grccnwuld cl ul. (1977)
huvc rcccnlly prcscntcd cvidcncc lhul lhc mcun irrcgulurily drifl dircclion is
upproximutcly lhul ol' thc i-lull-dril’ting clcctrons.

From lhc mugnctic vicwpoint. Fukushimu (l976) hus prcscnlcd u lhcorcm
which slulcs lhut no ground mugnctic cfl‘ccl is produccd hy u comhinulion
nl' vcrlicul currcnls inlo und mit ni’ lhc ionosphcrc und Pcdcrscn closurc currcnts
wilhin ihc innosphcrc, il’ thc hcighl inlcgrulcd innosphcric cnnduclivity is uni-
I'orm. Sincc licId-uligncd currcnls urc ncurly vcrlicul in lhc uumrul innosphcrc.
ul timcs whcn thc ionosphcric conduclivily is ncurly uniform. ground mugnclo-
mctcrs will scc prcdominuntly thc cl'i‘cct ol' thc ionosphcric Hull currcnt.

During lhc period 01‘ lhis compurison 30 MHz riomctcr dutu wus uvuilublc
i'rom Trnmsn und B‘ur Islund (Stuuning und (‘hristenscm |977). This dulu
indicutcs thut prinr 10 |840 lJ'T‘ und ul'tcr |9I5 lJT vcry littlc 20 40 c clcctron
prccipitulion wus uppurcnl. ll' wc inlcrprcl lh‘ uhscncc ol' cncrgctic clcctron
prccipituliim us indiculivc ni‘ u rclulivcly uniform innosphcric conduclivity. lhcn
wc would cxpccl lhc ground mugnctic pcrlurbutions lo hc duc t0 l-lull currcnls.
This would cxpluin thc gond ugrccmcnl bctwccn thc currcnl dircctions dcrivcd
I'rnm thc (wo techniqucs.

ln cnntrust. hclwccn I840 UT und l9l5 UT, strong c clcctron prccipitution
wus ohscrvcd ut Bcur lslund whilc modcrulc prccipilution wus obscrvcd ul
Tromm. lt is during this pcriod, thul lhc uniform conductivity ussumption
is n0 longcr vulid und significunt disugrcemcnts urc noted between the two
dutu sets. Presumubly, the equivulent currents n0 longer represent only Hull
currents, but ure ulso due t0 field uligned currents und/or Pedersen currents.
The unulysis of lhe problem under these circumstances becomes extremely diffi-
cult. We plan in the future t0 use the completed STARE radar system, with
which full electron drift velocity vectors can be estimated, in conjunction with
the Scandinavian magnetometer array t0 make a more detailed analysis of
this problem.
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New Methods of Separating F Region Absorption
From the 'Cosmic Radio Noise Absorption
S.B.S.S. Sarma and M.C. Sharma

Radio Science Division, National Physical Laboratory, New Delhi -l2, India

Abstract. A comparison of cosmic noise absorption data with pulse absorp-
tion and the absorption derived by using CW transmitters has given some
interesting results. New techniques have been suggested to separate out
the absorption contribution of the F region from the total cosmic noise
absorption. A comparison of the F region contribution thus derived by
the above techniques is fairly consistent with other Classical techniques of
separation. The eleetron temperautre derived from the above F region ab-
sorption compare well with the temperature obtained from more sophisti-
cated techniques. Further the electron density profile (in the lower iono
sphere) derived from the lower region absorption using the above technique
has given eomparable values with rocket and other theoretical profiles.

Key words: Cosmic radio noise — Riometer absorption — Pulse reflection
technique — C.W. waves — Solar cycle — Sunspot number — Magnetic
storm — Window effect — Electron temperature — Electron density.

l. Introduction

In the present investigation the authors have realised the importance of compar—
ing riometer absorption (A2) with pulse technique (A1) and with the absorption
derived from CW waves from commercial transmitters (A3). Simultaneous use
of any of the above two techniques with sunspot number has led us in developing
a new technique of separating the F region contribution from the total riometer
absorption. Riometer absorption is an integrated effect on the radio wave passing
thrOugh the whole ionosphere. With proper separation techniques, valuable
information can be derived regarding the various regions of the ionosphere.
Mitra and Shain (1953) have developed a method of separating the relative
contributions of the F and D regions. This involves a fundamental assumption,
namely, the shape of the curve relating t0 absorption and fo remains the
same irrespective of the time of the day. Later Lusignan (1960) extended this
technique by correlating the absorption with fmin and thus separated the D
region contribution. However, by these techniques the D and E (lower) region
contribution is overestimated by underestimating the contribution from the

0340-062X/78/OO44/0385/801.40
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F region and above. Krishnamurthi and Sarma (1967) modified the above
method to get more dependable results. This is discussed quite elaborately
by Sarma and Sharma (1972).

Another approaeh of separating the F region absorption is to eompare
the simultaneous observations of riometer and pulse technique at the same
station as reported by Taubenheim et a1. (1966) during solar eclipse. When
this technique was tried for the station Neustrelitz, even though there is a
linear relationship between the (A2) and (A1) absorption we landed in diffieulties
as there remained a residual absorption on A1 when the A2 absorption is
zero for which no plausible justification could be put forward.

To avoid this diffieulty we extended this technique by comparing A3 (oblique
incidenee method) with A2 (riometer) for the same station and obtained fruitful
results which will be explained in later sections. It was shown earlier by Sarma
et a1. (1970) and Mitra et a1. (1970) that riometer and pulse absorptions behave
differently with sunspot number. This faet was utilized in the present investiga-
tion in separating the F region contribution from the total absorption. The
main limitation of this method is that one needs observations on both techniques
over a complete solar cyele or at least a substantial part of it.

2. Data Analysis and Selection

In order to separate the F region eontribution from the total eosmie radio
noise absorption we have used the riometer, pulse and oblique incidenee absorp-
tion (A2, A1 and A3 techniques respectively) data for three stations Delhi,
Ahmedabad and Neustrelitz to cover the period of IGY, IQSY and IASY.
In all the eases the monthly mean values are used as the raw data by any
two techniques for the analysis at different stations. The authors have eliminated
direetly the data taken during anomalous Winter days, during magnetic storms
and disturbed days and any other unreliable eonditions. While eonsidering the
A1 absorption data the frequeney selection was such that the pulse is reflected
back from around 100 km so that the absorption suffered by the pulse is mainly
due to D region where the electron collision frequency exceeds the observing
radio frequency of the pulse. Also care is taken to remove the deviative com-
ponent of absorption when it occurs at certain time intervals. It was also observed
for Delhi that in the case of riometer absorption (A2) the window effeet is
almost non-existing during 95% of the time and during the rest of the period
(espeeially during IGY) the effect is almost negligible as this is within the
experimental aecuracies and when it exists appropriate eorrections were applied
for Ahmedabad and Neustrelitz data.

Earlier it was shown by Sarma et a1. (1970) that the relationship between
the F region absorption (by A2 technique) and f„F2 is the same for all the
hours of the day and season. Further we could not establish any definite relation-
ship between the absorption and the thiekness of F region with our data and
as such it was presumed that the layer thiekness does not play a significant
role in the F region eontribution of absorption even though we expect the
F region absorption to vary in proportion to the product of jf, F2 raised to
a power (exponent n) and the thiekness of the F region. Earlier, Mitra and
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Shain (1953) also reported that there is n0 correlation of F-layer thiekness
with the observed absorption. As we have obscrved that this exponent value
differs from Station to station and also with solar epoch eonditions we feel
that the F region thickness at any particular station may be taken Gare by
the value of the exponent that is observed at different stations as it is invariably
quoted by many investigators which is not equal to the expeeted value of
the fourth power. With these selection eriteria and observation we report our
results below.

3. Experimental Results and Diseussion

We have plotted A2 absorption against sunspot number in the Figure 1. In
the same plot the A1 absorption converted t0 A2 frequency by using the inverse
square relationship (Sarma and Sharma, 1972) is also plotted and is normalized
t0 zero sunspot number. The line depicting the A1 absorption is mainly due
t0 the D region and that of A2 absorption is due t0 the entire ionOSphere.
The difference between these two lines gives the F region eontribution eorre-
sponding t0 that sunspot number. So one can get a set of values of F region
absorption against sunspot number which can be directly related t0 fÜF2 values.
For this we plot in Figure 2 the difference between the A2 and A1 absorption
(sealed upto A2 frequency) as a function of sunspot number, as well as average
1‘o values. The 1n values can be read out from this curve and thus establish
a relationship between AF and _nZ. A similar type of analysis was earried
out for Ahmedabad and the results are in good agreement as obtained for
the station Delhi. However, for Neustrelitz this method did not give eneouraging
results.

After establishing the relation between F region absorption {2111:21n2 our
next step was t0 use this F region absorption in deriving some physical parame-
ters like electron temperature and electron density. We have calculated the

DELHI ‚ 20 MHz
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xxx --—— 22.4 MHz ABSORPTION
lÜ-Ü- CONVERTED T0 20 MHz

ABSORPTION

TOTAL

ABSORPTION

(d1)
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00 50 100 150 200 250 300

SUNSPOT NUMBER ‚ 15
Fig. l. Comparison of riometer (A2) and pulse (A1) absorption (scaled up to the riometer frequency)
with sunspot number for Delhi
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electron temperature at the height of peak electron densities in F region under
certain assumptions as reported by Sarma and Sharma (1972). The derived
electron temperature against sunspot numbers are shown in Figure 3. In the
same figure the electron temperature reported by Reddy et al. (1972) and the
temperature measured by incoherent scatter technique at Arecibo is also shown.
We see from the figure that the electron temperature derived by F region
absorption is consistent with the temperatures derived by other techniques.
This Shows that F region absorptiön thus separated is dependable and reliable.
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Fig. 4. Comparison of riometer absorption (A2) with the absorption derived from CW transmissions
(A3) at various foF2 values for Neustrelitz

Another attempt has been made to separate the F region absorption by
comparing A2 and A3 absorption as the A3 method essentially measures the
absorption from D region. For Neustrelitz the absorption data are available
for all the three techniques A1, A2 and A3. So we have compared the A2
absorption with A1 and A3 absorption separately. There is a very good correla-
tion between A1 and A3 absorption as reported by Mitra (1970) and this is
expected as these two techniques essentially measure lower region absorptions.
Hence by comparing A2 absorption with either of A1 and A3 will enable us
to separate the F region absorption from total absorption. The A2 absorption
is plotted against A3 absorption for different slabs of 1‘a in Figure 4. As
seen from the figure that when A3 is zero, A2 is not zero. This residual A2
absorption is mainly due to the F region determined by the corresponding
values offo. It is also clear from the figure that the intercept on the A2
axis goes on inereasing with increasing values of fäFz- Hence a relation is
established between absorption and JQFZ. From the values of fo‘F2 one can
directly get the F region absorption.

The lower region A2 absorption is utilized in deriving the electron density
distribution in the lower ionosphere. To do this we have chosen an appropriate
reference electron density profile from Mechtly et a1. (1972) from rocket measure-
ments and the collision frequency is calculated from the pressure data given
in CIRA (1965). The absorption is ealculated from 60 km to hmE and compared
with the observed absorption. The reference electron density profile is shifted
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iteratively till the observed and calculated absorptions match. Such a profile
consistent with the Observed absorption is shown in Figure 5. In this figure
the theoretical model of Mitra and Chakrabarty (1974) is also shown. In the
same figure the profile by Mechtly et al. (1972) from rocket measurements
is also shown. From the figure we see that the profile by A2 absorption is
consistent with that obtained by other sophisticated techniques. This ShOWS
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that' the lower region absorption can be used as a check point on models
or to derive the day-to-day variation in electron density in the lower ionosphere.
The F region absorption thus separated by these techniques is comparedwith
other methods of separation as shown in Figure 6. It is evident from the above
figure that the Mitra and Shain method shows a lower value of F region contribu-
tion (for the same f0F2 as expected). The other methods give comparable values
essentially the same value within the experimental aceuracies which seem to
be more dependable.

3. Conclusions

Simultaneous use of riometer absorption (A2) and any absorption measurement
like pulse reflection technique (A1) or use of c.w. waves from commercial trans-
mitters (A3) has given new methods of successful separation of the F region
absorption from the riometer data. The F region contribution derived by the
above techniques is shown to be dependable, as the electron temperature derived
from F region absorption and the electron density derived from the lower
region absorption are in consonance with those obtained by more sophisticated
techniques.

Acknowledgements. The authors are grateful to Dr. A.P. Mitra for giving many valuable suggestions
in preparing this paper.
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Evidence for Partial Reflection of VHF Radar Signals
From the Troposphere

J. Röttger
Max—Planck-Institut für Aeronomie, D—3411 Katlenburg-Lindau 3, Federal Republic of Germany
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Recently powerful VHF radar systems were introduced to investigate the dy-
namics of the lower and middle atmosphere (Woodman and Guillen, 1974;
Green et al., 1975; Czeohowsky et al., 1976; Rastogi and Bowhill, 1976). The
mechanism responsible for the radar echoes was assumed to be scattering from
refractive index variations caused by atmospheric turbulence.

The purpose of this letter is to stress that besides of pure turbulence scatter-
ing also specular (partial) reflection from stratified atmospheric layers has to
be taken into acoount as a cause of these radar echoes. This considerably
influences the evaluation and interpretation of data from VHF radars.

Experimental evidence, supporting the role of partial reflection to explain
the radar echoes from the troposphere, was found during the first Operation of
the SOUSY-VHF-Radar of the Max-Planck-Institut für Aeronomie (Röttger
and Czechowsky, 1978; Röttger and Liu, 1978):

1. Assuming pure volume scattering, it is deduced from the observed high
radar echo power that the mean refractive index structure constant Cff in several
cases must be 1—2 orders of magnitude larger than currently accepted values
(e. g. Gossard, 1977), or another mechanism than scattering has to be considered.

2. The correlation times of radar Signals often are up to minutes in contrary
to expected cofrelation times of a few seconds when assuming turbulence scatter-
ing (Woodman and Guillen, 1974).

3. The radar echo power is proportional to the oorrelation time which is
just opposite to turbulence theory (Tatarskii, 197l).

4. The intensity variations of radar echoes often are quasi-periodic (periods
of some ten seconds). This oan be explained by interference or focussing due
to reflection at thin layers or patches of enhanced humidity or temperature
variations which are influenced by atmospheric waves.

5. Peak radar echoes are much weaker (up to 20 dB) and not as structured
when Swinging the radar beam from the vertical to off-vertical (12.5o zenith
angle). This points to refiection at vertical incidence into rough, horizontally
stratified layers (Röttger and Liu, 1978).

0340-062X/78/OO44/0393/50. 100



|00000406||

394 J. Röttger

The layers are estimated not to exceed a few ten meters in vertical extent.
The vertical gradient of refractive index has to be about 10’ 7m‘ 1. The horizontal
dimension of the stratified layers must be at least several 100 m.

6. The amplitude distributions of strong tropospheric radar echoes cannot
be fitted to a Rayleigh distribution which would be expected for turbulence
scattering. A better fit is possible when assuming that the Signals contain a
constant, partially reflected part. Phase distributions are not random (i.e. phases
equally distributed between 0 and 2 7:), but also indicate consistent contributions
from partial reflection.

7. Doppler spectra of strong radar echoes do not fit to a Gaussian shape
which is anticipated if one assumes turbulence velocities to be normally distrib-
uted. High resolution spectra indicate strong Spikes superimposed on Gaussian
shaped spectra which must be caused by partial reflection.

It appears reasonable that partial reflection also should be considered to
explain VHF radar Signals (at quasi-vertical beam pointing) from the strato-
sphere and mesosphere. According to considerations on transhorizon propaga-
tion (Beckman and Spizzichino, 1963), the most appropriate mechanism respon-
sible for VHF radar echoes from the troposphere, stratosphere and mesosphere
is proposed to be a composition of (1) specular (partial) reflection at rather
stable stratified layers, (2) diffusive reflection at rough layers and (3) scattering
from turbulence. It seems to be a serious task to clearly separate in observations

- these three contributions.
Since partial or diffusive reflection often appears to occur, VHF radar sys-

tems, due to the longer wavelengths; are more favorable than higher frequency
radars to detect these layers in the atmosphere and to make use of the strong
radar echoes to investigate the dynamics of the lower and middle atmosphere.
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Letter t0 the Editor

Scale Factor Determinations of a LaCoste
and Romberg Gravimeter Mode] D

Peter Steinhauser

Institut für Meteorologie und Geophysik, Universität Wien, Hohe Warte 38, A-1190 Vienna, Austria

Key words: Gravimetry — LCR model D “microgal” gravimeter — Non-
linearity of scale factor.

LCR gravimeters model D have a resolution in the microgal-range, which exceeds
the resolution of usual field gravimeters almost by one order or magnitude. The
model D has only a scale range of200,000 units, with 1,000 unit being equivalent to
approximately lmgal. The scale ranges of less sensitive gravimeters cover some
times many thousands of mgals. In the later case the scale factors are often not
linear within these broad scale ranges. For the model D gravimeter the manufac-
turer claims that the scale factor is constant for the complete scale range, which
seems t0 be reasonable because of its small size. However, this assumption should
not be generalized. When, during field work resetting of the D-9 gravimeter was
required, systematic deviations from the gravity differences which have been
measured previously with 0ther scale ranges occured. Because this seemed t0
indicate a nonlinearity of the scale factor, systematic tests were performed between
two gravity stations situated in the departmental building Hohe Warte, Vienna,
and at the top of the Kahlenberg (near Vienna) respectively. A series of
measurements at five different range settings was carried out. At each station at
least three readings were taken. After eliminating drift and tidal effects the
following scale values resulted:

Reading Reading Difference
Hohe Warte Kahlenberg

57,186 20,188 36,998
90,332 53,323 37,009

120,018 82,989 37,029
150,175 . 113,135 37,040
174,837 137,785 37,052

(A11 values are given in scale units)

0340-062X/78/0044/0395/801.00
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Obviously the scale factor of the gravimeter decreases when the reading
increases within the scale range. The following equation is obtained by least square
fitting:

1
1 +6,3595 . 10’6 - S

(F =Scale factor [mgal/scale unit], S zScale value.)

F:1‚12356

In comparison with the non-linear scale factor the use of a constant one would
cause errors up t0 72 ugal. Thus, the nonlinearity of the scale factor of the LCR-D 9
is rather large, compared t0 an equivalent range of LCR gravimeters model G.
Therefore LCR gravimeters model D should be Checked for nonlinearities when
high precision measurements have t0 be performed.

Acknowledgement. This investigation was sponsored by the Austrian Academy of Sciences, Geophysical
Commission.
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J. Coulomb, G. Jobert (Herausgeber): Traite de geophysique interne. Teil II: Magnetism et geodyna-
mique. Paris—New York—Barcelona-Mailand: Masson, 1976. 600 Seiten, 206 Abbildungen. ffr 295. —

Die hier zu besprechende Veröffentlichung bildet den zweiten Band einer umfassenden Einfüh-
rung in die Physik des Erdkörpers. Während der erste Band unter dem Motto „Seismologie und
Schwere“ steht, ist der zweite Band den Themen „Magnetismus und Geodynamik“ gewidmet.
Wie schon beim ersten Band ist der Themenkreis wesentlich weiter gespannt, als es die stichwortar-
tige Charakterisierung vermuten läßt. Das Gesamtwerk ist ein „Vielmännerbuch“, an dem Wissen-
schaftler aus Forschung und Praxis mitgewirkt haben. Beide Bände sind durchgehend in 41 Kapitel
gegliedert. Die ersten acht Kapitel des zweiten Bandes befassen sich mit den elektromagnetischen
Phänomenen des Erdkörpers. Am Beginn steht die klassische Analyse des erdmagnetischen Feldes.
Die Kartendarstellungen des Gesamtfeldes beziehen sich auf den Zeitraum 1965. Es folgt eine
Darstellung des Gesteins—, Archäo- und Paläomagnetismus, also einer klassischen Domäne der
französischen Geophysik. Die Entstehung der äußeren und der inneren Anteile des Feldes wird
in getrennten Kapiteln behandelt. Für den „Nicht-Magnetiker“ ist vor allem die zusammenfassende
Darstellung der unterschiedlichen Dynamotheorien hilfreich. Abschließend werden Interpretations-
verfahren, die der Auffindung von Untergrundsstrukturen dienen, kurz umrissen.

Der Mitteilteil des Bandes macht den Geophysiker in sehr knapper Form mit den Forschungser-
gebnissen der Nachbardisziplinen (Mineralogie, Petrologie, Stratigraphie, Tektonik, Vulkanologie,
absolute Altersbestimmung) bekannt. Als Basis des sehr willkürlich abgegrenzten Gebietes der
„Geodynamik“ dient im dritten Teil des Bandes eine Beschreibung des physikalischen Zustandes
von Mantel und Kern. Die eigentliche Geodynamik besteht aus Kapiteln über Plattentektonik
und Erdwärme.

Der „Traite“ ist wesentlich mehr als ein Standardlehrbuch der Physik des Erdkörpers. Er ist
vor allem auch ein zuverlässiges Nachschlagewerk für die zahlreichen Gebiete unserer Wissenschaft.
Für den Geophysiker, der das Französische nicht als Muttersprache beherrscht, bieten die beiden
Bände eine gute Möglichkeit, sich in relativ kurzer Zeit französische Fachausdrücke und wissen-
schaftliche Redewendungen anzueignen. G. Schneider, Stuttgart

D.F. Merriam (Herausgeber): Random Processes in Geology. Berlin-Heidelberg-New York: Springer,
1976. 168 Seiten, 64 Abbildungen, 16 Tabellen. DM 34,50 —— US S 15.20.

Die Veröffentlichung enthält 11 Vorträge, die im Rahmen eines Kolloquiums über Zufallspro-
zesse in der Geologie September 1972 in Montreal (Kanada) gehalten worden sind. Den Geophysiker
dürften vor allem die beiden Beiträge über statistische Modelle vulkanischer Tätigkeit interessieren.
Dabei werden in einem Artikel verschiedene Abläufe der Aktivität mit MARKOW-Modellen ver-
glichen. Die zweite Arbeit beschäftigt sich mit vulkanischer Bebentätigkeit. Die bei der tektonischen
Seismizität zu beobachtende Konzentration der Aktivität in Raum und Zeit wird hier bei den
vulkanischen Beben durch die Abweichung von einem POISSON-Prozeß verdeutlicht. Die übrigen
Vorträge behandeln die statistische Anordnung von Entwässerungssystemen, Fragen der Sedimenta-
tion und allgemeine Probleme bei der Behandlung geologischer Fragestellungen mit Methoden
der mathematischen Statistik. Das Gebiet der Zufallsprozesse ist innerhalb der angewandten Stati—
stik ein noch relativ junger Arbeitsbereich. In den verschiedenen Aufsätzen wird gezeigt, daß man
mit Zufallsprozessen häufig eine bessere Modellanpassung erreichen kann als mit zeit- bzw. ortsunab-
hängigen Verteilungen. G. Schneider, Stuttgart
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R. Meissner und L. Stegena: Praxis der seismischen Feldmessung und Auswertung. Studienhefte
zur Angewandten Geophysik l, Berlin—Stuttgart: Gebrüder Borntraeger, 1977. 275 Seiten mit 197
Abbildungen und 7 Tabellen. DM 58,60.

Mit vorliegendem Buch erschien nunmehr der erste Band einer Reihe „Studienhefte zur Ange-
wandten Geophysik“. War die Praxis der seismischen Feldmessung und ihre Auswertung bedauerli-
cherweise bis in die jüngste Zeit hinein an vielen Hochschulinstituten ein „Stiefkind“ — vielleicht,
weil es an geeignetem Lehrmaterial fehlte — so findet man hier nun eine lückenlose Darbietung
dieses Stoffgebietes. Daß hier ein ganz aktuelles Buch zur Verfügung steht, mag auch dem Bestreben,
Hochschulforschung und Industriegeophysik einander zu sinnvoller Ergänzung näherzubringen, sehr
nützlich sein.

Durch seine klare Gliederung und durch didaktisches Geschick der Autoren, eine moderne
„Angewandte Geophysik“ darzustellen, ohne Spezialkenntnisse vorauszusetzen, eignet sich das Buch
für Vorlesung und Selbststudium gleichermaßen ideal. Der Rezensent empfand es glücklich gelungen,
daß keinerlei Thematik, die in der jetzigen seismischen Forschung und Exploration aktuell ist,
fehlt; obwohl manche Abschnitte z.B. über Migration knapp gefaßt sind — dies aber mit voller
Berechtigung, denn in Ausführlichkeit gehört es in eines der von den Herausgebern für die Zukunft
angekündigten Bände („Theoretische Grundlagen der Angewandten Seismik“).

Beginnend von den einfachen physikalischen Grundlagen der Feldseismik werden z.B. die Schuß-
techniken und Geophonbündelungen, das Stapeln, statische und dynamische Korrekturen und die
Geschwindigkeitsbestimmung behandelt. Dies aber nicht, ohne die dem Praktiker begegnenden
Störungen verschiedenster Art (Bodenunruhe, Oberflächenwellen, Schall, Multiple Reflexionen u.s.f.)
zu diskutieren.

Dann wird der Leser an die aktuellen Auswertetechniken, die die Einführung der Digitalseismik
mit sich brachte, von Grund auf vertraut gemacht: digitale Filter, Konvolution und Dekonvolution
seien nur einige Stichworte hierzu.

Schließlich sei erwähnt, daß nicht nur die Reflexionsseismik, sondern gleichermaßen auch die
Refraktionsseismik abgehandelt werden.

Bedauerlich bleibt jedoch, daß die zahlreichen, didaktisch gut ausgewählten Seismogrammbeispiele
nur von einem einzigen der deutschen Unternehmen, die solche Beispiele hätten liefern können,
verwendet wurden. Gerade für ein Buch, welches bevorzugt für die Hand des Studenten gedacht
ist, hätte man sich „Firmenneutralität“ gewünscht — oder man hätte die Firmenherkunft an der
einzelnen Abbildung fortlassen sollen; es wird ja bereits im Vorwort der Herausgeber auf die
Quelle des Bildmaterials verwiesen. Leider ist auch der Preis des Buches auf einem Niveau, der
vielleicht manchen Studenten vor dem eigenen Erwerb des Buches zurückschrecken lassen mag.

L. Engelhard, Braunschweig

Horst Falke: Anlegung und Ausdeutung einer geologischen Karte, VIII, ISBN 3 1 l 001624 9 Berlin—New
York: Walter de Gruyter, 1975, 224 Seiten, 157 Abbildungen und 7 farbige Karten. DM 48,—.

Das vorliegende Buch ist aus der Sicht des Geophysikers, der oftmals keine oder nur geringe
geologische Kenntnisse hat, eine erfreuliche Bereicherung: Als Benutzer geologischer Karten fehlt
ihm oft das Gefühl, welche Aussagekraft er der Karte im Hinblick auf seine Messungen zubilligen
darf. Gerade hier wird diese Lücke geschlossen, weil Falke es glänzend versteht, die Entstehung
einer geologischen Karte und die möglichen geologischen Strukturen des Untergrundes, wie sie
sich auf der „Bildfläche“, also der Erdoberfläche zeigen, darzustellen. Weder werden größere
geologische noch sonstige Spezialkenntnisse vorausgesetzt — stattdessen wird auf reichhaltige Bei-
spiele Wert gelegt. So zeigt dies Buch —— welches sich bestens zum Selbststudium eignet (jeder
Abschnitt schließt mit einem Katalog von Übungsfragen) — wie eine geologische Karte tektonische
und geologische Geschichte gleichermaßen widerspiegeln kann, wenn man sie nur zu lesen versteht.

Der Hauptteil des Buches behandelt „Die geologische Karte 1 :25 000 (GK 25) und ihre Ausdeu-
tung“ und hier liegt das Hauptinteresse des Geophysikers. Daneben wird aber auch das „Erstellen
einer geologischen Karte“ durch den Feldgeologen dargestellt — geschrieben mit zahlreichen prakti-
schen Hinweisen, die dem Geophysiker als Benutzer einer geologischen Karte vielleicht nicht direkt
betreffen, ihm aber mindestens einen guten Einblick in die Arbeit des Kollegen der Nachbardiviplin
geben. L. Engelhard, Braunschweig
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Norman H. Ricker: Transient Waves in Visco-Elastic Media. Developments in Solid Earth Geophys-
ics; 10. Amsterdam: Elsevier Scientific Publishing Company, 1977, pp. X+278, 121 figures, 7 pages
graphs. US S 48.95/Dfl. 120.00.

Beim ersten Durchlesen von gut zwei Dritteln dieser Monographie ist man versucht zu fragen,
warum im Jahre 1977 ein Buch gedruckt wurde, das sich im wesentlichen mit der Lösung von
reflektionsseismischen Problemen der 40er Jahre beschäftigt. Spätestens aber bei den letzten sieben
Seiten des Hauptteils, eines mit „Epilogue“ überschriebenen Kapitels, blättert man zurück und
beginnt, die Darstellung ein wenig mit anderen Augen zu sehen. Der Buchtitel sollte den an die
heute übliche rheologische Terminologie gewöhnten Leser nicht irreführen: Tatsächlich werden
Wellen in firmoviskosen Medien behandelt, die dem Kelvin-Körper entsprechen, und nicht solche
in Maxwell- oder Bürgers-Körpern, was der Titel nahelegen könnte. Doch ist leider der Sprachge-
brauch in der Literatur nicht ganz einheitlich.

Angesichts der Beobachtung, daß seismische Wellen mit zunehmender Frequenz zunehmend
stark absorbiert werden, wird Ricker die Unzulänglichkeit der klassischen Theorie elastischer Wellen
zur Beschreibung tatsächlicher Wellenformen bewußt; er wendet sich der Wellengleichung von
Stokes zu, die Energiedissipationen aufgrund innerer Reibung des viskosen Typs einschließt. Anlaß
war die Aufgabe der 40er Jahre, die Qualität der Reflexions-Seismogramme zu verbessern. Ricker
ging konsequent vor: Um willkürliches Experimentieren zu vermeiden, stellte er die Frage nach
der physikalischen Natur der Wellenausbreitung und berechnete die Form der Wellenimpulse als
Funktion der Zeit bzw. Entfernung vom Schußpunkt aufgrund von Lösungen der Stokes’schen
Wellengleichung; keine leichte Aufgabe bei einer Differentialgleichung dritter Ordnung. Diese „wave-
let-Theorie“ bewährte sich erstaunlich gut bei den anschließenden Feldexperimenten im Pierre
shale im östlichen Colorado.

Man wird zunächst einige Fragen stellen, z.B. ob die Stokessche Wellengleichung, d.h. der
Kelvin-Körper, die Eigenschaften der Gesteine als Wellenleiter tatsächlich zutreffend beschreibt.
Sagt doch Bullen in seiner „Introduction to the Theory of Seismology“ dem Sinne nach, daß
die dem Kelvin-Körper entsprechende Differentialgleichung nicht ausreiche, eher die erweiterte Diffe-
rentialgleichung für die elastische Nachwirkung. Letztere führt jedoch auf Wellen mit stets scharfem
Einsatz im Gegensatz zu den Ricker-wavelets, die übereinstimmend in Beobachtung und Theorie
weich einsetzen. Die von Bullen bevorzugte Reihenanordnung von Kelvin- und Hooke-Körper
müßte hohe Frequenzen gut durchlassen, wogegen damalige und heutige Beobachtungen, insbeson-
dere der Reflexionsseismik, sprechen. Das Rickersche Buch regt somit zum erneuten Nachdenken
über ein adäquates rheologisches Modell an, zumindest für Sedimentgesteine; die exzellente Überein-
stimmung von Messung und Theorie gibt jedenfalls der Stokesschen Wellengleichung und damit
dem Kelvin-Körper den Vorzug. Dabei möchte Ricker diese Gleichung nicht auf die Seismik be-
schränkt sehen, sondern betont dezidiert ihre seiner Meinung nach nicht genügend beachtete Bedeu-
tung für Wellenausbreitungsprozesse in anderen Festkörpern, Flüssigkeiten und Gasen mit einem
interessanten Beispiel im Kapitel „Epilogue“, wo es ihm gelingt, durch eine statistisch-theoretische
Behandlung der Schallausbreitung im einatomigen Gas im Nachhinein die Stokessche Wellenglei—
chung zu verifizieren.

Die wavelet-Theorie führte Ricker Ende der 40er Jahre zur Entwicklung seines wavelet—Kon-
traktors; er hatte damit frühzeitig die Bedeutung der Inversen Filterung bei der Verbesserung
der Reflexionsseismogramme erkannt, wenn auch die Beschreibung der mit damaligen elektronischen
Hilfsmitteln gebauten Geräte und der hiermit erzielten Ergebnisse nur noch von historischem Inter-
esse sein dürften. Doch wenn auch die heutige Digitaltechnik und die vor allem auf Norbert
Wiener zurückgehenden Verfahren mit jenen frühen Versuchen nicht verglichen werden können:
Ricker hat seinerzeit wesentliche Impulse gegeben und vor allem auch die damals vie1 diskutierte
Frage nach dem bevorzugten Auftreten des Frequenzbandes von ca. 30 —60 Hz in der Reflexionsseis-
mik klären können, ebenso die schlechte Energieabstrahlung beim Schießen im Sand, die er, wie
auch seine Laborexperimente an einer Sandpresse bestätigten, auf die Zertrümmerungsarbeit der
Sandkörner zurückführte. Interessant ist ferner das Kapitel über die Natur der inneren Reibung.
Die theoretisch berechnete Verbreiterung der wavelets als Funktion der Entfernung erlaubt die
Bestimmung der Absorption; der Vergleich mit den Geländebeobachtungen ergibt, daß sie mit der
zweiten Potenz der Frequenz erfolgt im Gegensatz zu Ergebnissen anderer Autoren, die eine
Proportionalität der Dämpfungskonstanten mit der ersten Potenz der Frequenz angeben. Zur
Klärung dieser Diskrepanz kann Ricker mittels sorgfältig durchgeführter Laboruntersuchungen
an einem Torsionsvibrator zeigen, daß die Schwingungsdämpfung bei großen Amplituden mit der
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ersten Potenz, jedoch bei sehr kleinen Amplituden wie in der Seismik mit der zweiten Potenz
der Frequenz erfolgt.

Das Buch enthält im Anhang Computerausdrucke von Tafeln und dazugehörige Kurvendarstel-
lungen der Ricker-wavelets für verschiedene Entfernungen von der Impulsquelle als Grundlage
für vergleichende Untersuchungen der Wellenausbreitung in realen Medien.

Ricker behandelt in seiner Monographie ausschließlich eigene Arbeiten; auf die neuere Entwick-
lung wird nicht eingegangen. Wer die Materie nicht voll überblickt, könnte meinen, daß seit dem
Ende der 50er Jahre nichts wesentliches mehr geschehen sei, ein Eindruck, der sich beim Lesen
des einleitenden Kapitels noch verstärkt. K. Strobach, Stuttgart

W.D. Means: Stress and Strain, Basic Concepts of Continuum Mechanics for Geologists. New York-
Heidelberg-Berlin: Springer, 1976. 339 Seiten, 223 Abbildungen. DM 36,20 — US S 14.80.

Als Hans Cloos im Jahre 1936 seine international bekanntgewordene „Einführung in die Geolo-
gie“ veröffentlichte, bedeutete die Einschaltung eines Kapitels über die mechanischen Grundlagen
der Erdkrustenbewegungen noch eine Besonderheit für ein Lehrbuch der allgemeinen Geologie.
Heute hat sich dagegen die Einsicht sehr weitgehend durchgesetzt, daß man bei der Behandlung
von Fragen der Gesteinsmechanik kaum noch einer quantitativen Analyse ausweichen kann. Das
gilt nicht nur für die wissenschaftlichen Probleme der allgemeinen Geologie sondern auch für
die Anwendungsbereiche der Geologie. Die Darstellung des Stoffes erfolgt in vier Teilen und 23
Abschnitten. Der erste Teil ist der Hinführung zum Problemkreis „Deformationsarten in der Geolo-
gie“ gewidmet. Im Teil II wird der Spannungstensor als Ursache von Gesteinsdeformationen behan-
delt. Teil III beschäftigt sich mit der Wirkung mechanischer Spannungen auf Gesteine, wie sie
sich in den unterschiedlichen Deformationsarten ausdrückt. Neben den elastischen Deformationen
finden vor allem auch die für Veränderungen in der Erdkruste wichtigen „endlichen“ Deformationen
entsprechende Berücksichtigung. Im Teil IV wird das zwischen Spannung und Deformation stehende
Materialverhalten behandelt. Das letzte Kapitel ist der Energiefrage bei Deformationen gewidmet.

Die Darstellung ist klar und übersichtlich, was durch einen heute kaum noch anzutreffenden
Aufwand im Satz erreicht wird. Das Werk ist als Übungsbuch besonders wertvoll, da es in einem
50 Seiten umfassenden Anhang die Lösungen aller gestellten Aufgaben bringt. Dem Geophysiker
bietet das Buch die Möglichkeit geologische Fragen unter einem physikalischen Aspekt zu betrachten.

G. Schneider, Stuttgart

B. Le Mehaute: An Introduction to Hydrodynamics and Water Waves. Springer Study Edition, Berlin-
Heidelberg-New York: Springer, 1976. 323 Seiten, 23l Abbildungen, l2 Tabellen, DM 60,60 —
US S 24.80.

Die Darstellung, als Einführungstext für Studenten gedacht, besticht durch ihre Klarheit. Das
bezieht sich einmal auf die Gliederung des Textes und auf die Qualität der Abbildungen, zum
anderen aber auch auf die physikalische Interpretation der vor allem bei Strömungsproblemen
recht umfänglichen Gleichungssysteme. Der Autor ergänzt die Gleichungen durch eine physikalische
Interpretation ihrer einzelnen Bestandteile. Das in drei Teile und l8 Kapitel eingeteilte Werk bietet
am Ende eines jeden Kapitels Übungsaufgaben an, für die man zu einem guten Teil Antworten
und Lösungen in einem gesonderten Anhang findet.

Teil I beschäftigt sich mit der Aufstellung von Gleichungen, die der Beschreibung von Strömungen
dienen. Dabei wird sowohl die Bewegung von Flüssigkeiten in offenen Gerinnen wie auch die
in porösen Medien berücksichtigt. Im Teil II wendet sich der Autor der Anwendung der Strömungs—
gleichungen auf praktische Probleme zu. Die eingehende Behandlung von Grenzschichtproblemen
dürfte für viele Geophysiker besonders interessant sein. Im Teil III werden die Wasserwellen und
damit ein wichtiges geophysikalisches Aufgabengebiet behandelt. Die verschiedenen Ansätze der
theoretischen Behandlung von Wellenproblemen werden in tabellarischer Form übersichtlich vorge-
stellt. Im einzelnen wird auf die unterschiedlichen Lösungswege, die gegenüber dem allgemeinen
Ansatz eine durch Einschränkungen bedingte erleichterte Behandlung erlauben, eingegangen: Wellen
kleiner Amplitude, Wellen mit endlicher Amplitude, lange Wellen. Das Buch ist in Druck- und
Herstellungstechnik hervorragend. G. Schneider, Stuttgart
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Variations in the Auroral Spectrum at the Latitude
of the Polar Cleft

K. Henriksenl, B. Holback2‚ and G. Witt3
1 Nordlysobservatoriet, Tromso, Norway
2 Uppsala Ionospheric Observatory, Uppsala, Swede‘n
3 Department of Meteorology, University of Stockholm, Stockholm, Sweden

Abstract. During the period November 23 to December 7, 1975 simultaneous
photometric and spectrometric auroral measurements were performed for
250h on the latitude of the polar Cleft from Ny—Aalesund. The auroral
green and red lines were observed all the time. During certain periods around
local geomagnetic noon the intensity of the red line increased even when
the intensity of the green line decreased. This was taken as an optical signa-
ture of the polar cleft. In the spectral range between the auroral green
line and the hydrogen Balmer line Hß the NI doublet at 5200 Ä was the
dominating emission, occurring in 65% of the spectra, especially strong
within the polar cleft. The peak 5200 Ä intensity of averaged spectra seldom
exceeded 100 R whereas the peak of 6300 Ä was several kR.

The Hß was found in 30% of the averaged spectra. Its intensity was
mostly below 20R, and showed a weak eorrelation with the degree of
“completeness” of the cleft. The 5200 Ä and 6300 Ä emissions are generated
mainly by low-energy electron precipitation at high altitudes where the emis-
sion rate can be comparable with the quenching rate of the long-lived,
metastable emitting states. Low-energy protons have a low efficiency for
generating Hß photons which is believed to be the main reason for the
low Hß intensity.

Key words: NI 5200 Ä emission — Intensity ratios — Production and quench-
ing rates — Dayside aurora — Polar cleft.

1. Introduction

The only accessible site where the sky is dark during the winter and yet near
the locus of the daytime aurora is found on Svalbard. There Norway operates
an aurora] research station in Ny-Aalesund (78.9° N, 11.9o E, geographic, and
75.9° N, 114.7° E corr. geomagnetic coordinates) (Fig. l). Ny-Aalesund is sup—
posed to traverse the polar cleft at low and moderate magnetic activity (Feldstein,

0340-062X/78/0044/0401/502.80



|00000414||

402 K. Henriksen et a1.

160° 150° 1L0‘ 130° 120° 110° 100° 90" 80° 70° 60°

/
/€

”‘

‘l‘
\\ TERMINATOR

/ 4 \\
0°“ / 6 \170° 3 \ 50°/

/
CD

C} o 79;, \
/ 0

C

o:
o /
Q /

0 0
‘O o .

180. Q 0 ' ‘Ä

/ ‚\ . ‘50 40°
/

0

170° c9. im
\

30°

1
l .150° ‚ TROMSO 20°

NY-AALESUND

150° _
69 ‚

140°

130‘

120’ 59°

20°

(0%

110°

30°

100° 90' 80‘ 70° 60° 50° 40‘

Fig. l. The north polar region Showing the sunrise-sunset line (terminator) at winter-solstiee with
respeet t0 Ny-Aalesund at local geomagnetic noon and an approximate location of the auroral
oval for a moderately disturbed period (Feldstein, 1966)

1966; Starkov and Feldstein, 1968). Loeal magnetie noon is at 0845 UT. With
southward interplanetary magnetie field the latitudinal extent of the eleft region
can be relatively long, Alm 12 h (Zaitzeva and Pudovkin, 1976), and Ny-Aale-
sund is expeeted t0 be within the eleft for several hours per day, depending
on the level of geomagnetic activity.

In eonjunction with the International Magnetospheric Study an expedition
t0 Ny-Aalesund was undertaken during the period November 20 t0 Deeember
12, 1975. Auroral optical and radio drift measurements were eoordinated with
passes of ISIS-2, and the purpose of the eampaign was t0 study the daytime
aurora by simultaneous ground-based and space observations (Berkey and Ha-
rang, 1976). A eomplete data analysis is underway.
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Ground-based photometric and spectrometric measurements were performed
from November 23 to December 8. In this report characteristic auroral features
obtained from analysis of photo- and Spectrometer data will be given.

2. Measurements and Analysis

The instruments used in this work were one scanning spectrometer and five
fixed interference filter photometers. The spectrometer, called SP4 and described
elsewhere (Stoffregen et al., 1971), had a spectral resolution of 30 Ä and made
in 4 min one wavelength scan between 4800 Ä and 5800 Ä. The photometers
were constr’ucted to measure the auroral emissions at 4861 Ä (Hß), 5577 Ä,
6300 Ä, and the continuum around 5400 Ä, where the FWHM of the interference
filters was 30 Ä. The sensitivity threshold of SP4 and the photometers were
10 R and lR, respectively. The photometers had a Cireular field of View with
a full angle of 5°, whereas the spectrometer had a rectangular field of View
N0.3° x 3°. The measurements were performed towards zenith. The instruments
were calibrated in absolute units, and the data stored on digital tape.

During this campaign the solar depression angle, Sd, was always greater
than 9°, which allowed continuous measurements in the zenith direetion. Loeal
noon shifted from 1104 UT to 1109 UT during the period of observations,
and then, especially in November, the shorter wavelength observations were
disturbed by sunlight, multiply scattered by air molecules and aerosol particles
in the lower atmosphere (Henriksen et al., 1977).

The sky background, originating from airglow, scattered sunlight and ex-
traterrestrial sources, was estimated from the photometric measurements.
Around local noon the contribution from multiply seattered sunlight dominated.
The baseline of the recorded radiance was estimated for each quarter of an
hour by taking the lowest value within that interval. The sampling rate of
the radiance was one per second. This method of obtaining the sky background
intensity on the wavelengths of the auroral green and red lines at 5577 Ä and
6300 Ä was less reliable since at Ny-Aalesund there was an almost eontinuous
auroral activity during daytime. The obvious improvement here is the use of
a polarizing filter whieh, however, was not available for the present expedition.

The sky background estimated for the day of November 24 is shown in
Figure 2. Since Sd is less than 15°, the intensity maximum around local noon
is due to multiply scattered sunlight. The deviations from a smooth curve are
most probably caused by auroral enhancements. During the afternoon the
intensity drops to a few R/Ä, which is the estimated sky background value. The
relatively high intensity before noon is explained by a misty sky in combination
with weak moonlight.

A better estimate of the sky background as a funetion of Sd is obtained
from a statistic analysis of all the data during the period (Henriksen et al.,
1977). This is used in the present study to find the auroral intensities at 4861 Ä,
5200 Ä, 5577 Ä, and 6300 Ä.

A sample SP4 scan taken Close to local noon is shown in Figure 3, showing
the inerease of the soattered light intensity towards shorter wavelengths. A
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Fig. 2. The minimum intensity measured by photometers and calculations of Sd during daytime.
The moon was low, and before 10 UT the sky was misty, clearing up later

small enhancement is seen at 5200 Ä, but from this example it is hard t0 decide
its significance as a real spectral feature. Signal averaging has accordingly been
performed adding eight scans together, giving one spectrum each 32 min, and
then a significant emission appears at 5200 Ä. An example of the averaged
data is shown in Figure 4. The strongest emissions between OI 5577 Ä and
Hß 486l Ä is then one at 5200 Ä, which is likely t0 be the NI(4S—2D) doublet.
This is supported by reeent spectrometric measurements in Alaska by Sivjee
and Romick (1976), which show that the only emission within 30 Ä of 5200 Ä
is the N; first negative band (0,3) with P-bandhead at 5228 Ä. Preliminary
spectrometric measurements in Tromsg give further evidence that the NI(2D)
5200 Ä emission with the doublet lines at 5198.5 Ä and 5200.7 Ä is a dominating
auroral feature around 5200 Ä. In Figure 5 an example of these new measure-
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Fig. 3. The spectrum between 4800 Ä and 5800 Ä. In this case the auroral green line is a dominating
feature, 5200 Ä is weak, and n0 Hß is observed. Total duration of each scan is 4 min
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tively
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The NI 5200 Ä doublet is on the point of being resolved. This observation is made with an
improved spectrometer used in the January 78 campaign

ments is given. This recording is obtained at local geomagnetic midnight with
the spectrometer at an elevation angle of 20°, pointing towards north into
a diffuse auroral glow. Since the bulk of the 5200 Ä emission originates from
altitudes above 200 km, it is likely that the main emission region in this case
was located within the polar cap, and therefore related to similar ionospheric
conditions as in Ny-Aalesund.

The intensities of the auroral emissions at 4861 Ä, 5200 Ä, and 5577Ä
are obtained from the averaged spectra, and the intensity of the 6300 Ä emission
is derived from the photometric measurements. The resulting averaged auroral
intensities are presented and discussed below.

3. The Observational Results

A total of 467 averaged scans are analyzed, and the 5577 Ä emission is clearly
seen in every one. The averaged 5577Ä and 6300 Ä intensities are plotted
in Figures 6 and 7. For most of the time the 6300 Ä emission is the strongest
feature which is specific for high latitude aurora. Especially during intensity
enhancements around local geomagnetic noon the 6300 Ä line shows the stron-
gest increase with maximum averaged intensities around 4kR. The 6300Ä
emission is regarded as an optical polar Cleft signature (Shepherd et al.‚ 1976).
In several cases the 5577 Ä intensity exceeds the 6300 Ä intensity and must
be due to bursts of more energetio electrons than those N 100 eV characteristic
of the polar cleft (Doering et al., 1976). At lower latitudes, in the auroral
zone, the 5577 Ä emission is normally stronger than the 6300 Ä emission, and
the reversal of. this intensity ratio seems to be inherent with the aurora in
the polar cleft and the polar cap.

The NI 5200 Ä emission is found to be a significant feature of the auroral
spectrum of the polar cleft and within the polar cap. It is Clearly identified
in 302 averaged spectra. The 5200 Ä intensity of the spectra has been plotted
in Figures 8 and 9. Only in rare cases does the intensity exceed 100 R. The
intensity variations of 5200 Ä are similar to those of 6300 Ä, but the intensities
are more than ten times lower. On the basis of the similarity of the intensity



|00000419||

TIME [UT]
00 012 04 O6 081012141618 20 22 21.

I I I I I I I I I I

— NOV 23,1975, NY—AALESUND 1. _
_ -—: 63OOÄ PHOTOMETRIC DATA . K:
_ ._. 5577/K PHOTOMETRIC DATA N)“ \ _

_ NOV. 25
K/
\\Hjfid\x/

NOV. 26 _
"\”z"

1M

q

\‘:—“Tr‘\
H

[l

-‘NO-‘NO-‘Nwo-‘NO—‘wO—‘NwO-‘Nw

I

[l

INTENSHY |NTENSHY
.4

_.

rn—x-iri-Am

l

fiNO-l-‘NO—‘NOJO—‘NO—‘wo—‘NwoüNw

4 l l l l l 1* l l

00 02 O4 06 08 10 12 14 16 18
TIME [UT]

Fig. 6. Intensity of 5577 Ä and 6300 Ä obtained from spectrometer and photometer data for the
period from Nov. 23 t0 Dec. l, 1975 at Ny-Aalesund. The marks are at the start of each interval

24

TIME [UT]
oo 02 oz. 06 08 1o 12 14 16 18 20 22 24.

I I I I I T I I I T I

3 — DEC 2, 1975 ‘ fix. NY-AALESUND a 3
2 — “’"\* . . 63OOÄ PHOTOMETRIC DATA 2 2
1 „WM .__. 5577/K PHOTOMETRIC DATA2 1
O 4 J L l l 1 1 O

4 z.
3 3
2 2
1 1

o o

7€ ä 53%
z 1 1 E

o O
3 3
2 2
1 1
0 O

2 ‘
„„\ .4_«’*\. .

7 2
1 _‚rd/WV

um"
‚.N‘ÄAA/

\x„4)\x\„fl\M'—x—x—ifi‘x—i __‘M\
_- 1

o u“ ‘ H
0

2 — 2
1

-‘ 1

L 1 l 1

Nb
l 1

oo 02 04 06 08 1o 12 14 16 18 20 22
TIME [UT]

Fig. 7. Intensity of 5577 Ä and 6300 Ä obtained from spectrometer and photometer data for the
period from Dec. 2 t0 Dec. 8, 1975 at Ny—Aalesund



|00000420||

408 K. Henriksen et a1.

TIME [UT]
00

02
04 O6 08 10 12 14 16 18 20 22 24

l I I I I T I I I I

60 NOV. 23, 1975, NY—AALESUND — 60
2.0 - -—- 5200Ä SPECTROMETRIC DATA

‘/‘\„.x'\ . _ 40
20 _ .._. 1.86121 SPECTROMETRIC DATA

' -----Akku
/\

— '20
1 1 1 1 1 l 1 /—1‘\‘\1 1 \.1. -

120 —_ NOV. 24 /\ —120
100 — ' ' — 100
80 — / „ 2 80
60 —

-\ . \ — 60

293

'1

V

'\‘ /\._.\

/ \ /\

—' ZOO

1—. \'_.
1.,;

‘ ' ‘
‘\‘

—' 20

1 \: 1 \.1./ \. ./\. 1 1 \. /P\. 1 ‘\. 1/\x

160 _ NOV. 25
\

—160
140 — / . . — 140
120 —

1
— 120

100 —

/

— 100
E 80 - ‚ r' . - 80 E

60 _ ki/\._:\r./ \ \‘ _
60

._.

C / \ >— 40 — f" . .\ .. — 40 1:
ä 20 »

«m
*1” /\ ./'\ -"‘- 20 3

E
- v 1 A 1 1 1 ‚BAVÄ .W/ 1 ./ E

_ Z
100 — NOV. 26 .x' —100 ‘

ao — _/ \/ . — 80
60 —

‚/'\"'\. ./ ' \ — 60
40 — / \.. .\ „ — 40
20 ‘ I

M/
Ä’ W /\"‘\-\ .— 20

\ 1 1 1 1 1 1 1 1 1 ./\

100— NOV, 27
I -100

80 — ' 2 80
60 — x/ ,1

—' 60

a"\ /\‘40 — .\_‚« ‘x...‚. / . — 40
20 — “H “ 20

M1 1K. 1 L \. 1 AK\./'\-1
.

60 — NOV. 28 _ . - 60
40 __

I—I
/l/ \‚.\x i

‘/

\‘*‘-

—' ZOO

20 — 1’
/\ j

\ . - 20/ I l

3:1
-

1 1 1 1\ 1' A A- 1 /\.1 A /
00 02 04 O6 08 10 12 14 16 18 20 22 24

TIME [UT]
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variations and the quenching characteristics, the former can be regarded as
another optical signature of the polar cleft.

The averaged Hß intensity is plotted in Figures 8 and 9 together with the
52OOÄ measurements. From these diagrams it can be seen that the Hß in
general is weaker than the 5200 Ä emission. The averaged Hß intensity is mostly
below 2OR and exceeds only a few times the 5200 Ä intensity. The Hß emission
ean be identified in 140 of the averaged spectra. It occurs most frequently
in the morning sect0r, and is therefore considered a less good indicator of
the completeness of the polar cleft which is expected t0 be centered around
geomagnetic noon. H0wever, the increased background around local noon,
at least in November, makes it difficult t0 detect Hß intensities of about 20 R.
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Fig. 9. Intensity of 5200 Ä and 4861 Ä obtained from averaged spectra for the period from Dec.
1 to Dec. 8, 1975 at Ny-Aalesund

The occurrence frequencies of this emission can accordingly be higher than
our measurements show.

4. Excitation and Temporal Variations of the Observed Emissions

The Hß emission is due to an allowed transition in the neutral hydrogen atom.
Within aurora the excited H atoms are mainly produced by neutralization of
precipitated protons and eollisional excitation of energetic neutral hydrogen
atoms as the particles penetrate into the atmosphere (Omholt, 1971). Additional
processes like dissociative excitation of hydrogen atoms by electron impact
on H2 and H20 (Vroom and de Heer, 1969) are of minor importance. Therefore
the Hß emission can be used as a monitor of proton precipitation.

Using satellites, high fluxes of low energy protons with characteristic energy
below lkeV have been detected and interpreted as a signature of the polar
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cleft (Heikkila et al.‚ 1972; Doering et al.‚ 1976). However, the efficiency of
these protons to produce Hß is very low, less than 0.1 photon per proton
(Eather, 1967). Therefore observed fluxes around 108 protons/(cm2 sr keV s)
(Sivjee and Hultqvist, 1975) may generate less than IOR of Hß, indicating
that the Hß output due to the characteristic polar Cleft protons is small, and
frequently escaped detection by our instruments.

The auroral emissions at 5577 Ä and 6300 Ä are due to forbidden transitions
in the oxygen atom, 0(1D— 1S) and 0(3P— 1D). The auroral excitation of the
0(1D) atoms is probably a superposition of several direct and indirect processes,
and because of its low excitation energy of 1.96 eV, the same and additional
sources as for the 0(18) atoms (Henriksen, 1974) can contribute. The most
important additional process can be dissociative recombination of NO+ ions,
and it may account for the dominating 6300 Ä intensity.

In the twilight 0(1D) atoms are also produced by photodissociation of
02 in the Schumann-Runge continuum (Noxon and Johanson, 1972). During
our campaign the photodissociative contribution to the observed 6300 Ä inten-
sity was of minor importance since Sd remained > 9°. The maximum photodisso—
ciative contribution is about 100 R, and therefore this excitation source can
not account for the enhanced intensities around local noon.

The 5200 Ä emission is due to the forbidden transition N(4S—2D). The
excitation energy of the 2D state is 2.38 eV, and a number of indirect processes
can contribute (Strobel et al.‚ 1976; Frederick and Rusch, 1977). These processes
comprise dissociative excitation of N2 by photons and fast electrons, dissociative
recombination of NO+‚ and the reactions

N+ +02—>N(2D)+O;
and

N; +O—>N(2D)+NO+.

The indireet excitation processes can be initiated both by electron and proton
precipitation, and the observed 5200 Ä, 5577 Ä, and 6300Ä intensities may
in principle also be partly generated by low-energy proton precipitation, but
is considered to be of minor importance. A detailed analysis of the excitation
sources is underways.

Examining the individual spectrometer scans which lasted for 4 min, one
can frequently find intensity variations greater than 90% from scan to scan.
These variations which are considered real indicate that the effective lifetime
of the N(2D) atoms can be shorter than 4min. The photometric records of
6300 Ä contain 90% intensity variation within a few seconds, reflecting the
magnitude of the effective 0(1D) lifetime. The natural lifetime of the upper
states ofthe 5200 Ä, 5577 Ä, and 6300 Ä emissions are 26 h (Wiese et al.‚ 1966),
0.8 s (Sinanoglu, 1970), and 110 s (Garstang, 1951), respectively.

In comparison the 5577 Ä line can be considered as an instantaneous ernis-
sion. When the effective lifetime is drastically shortened, the effect is due to
collisional quenching which is analysed below.
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5. Production Rate and Collisional Deactivation

When the atmospheric number density is sufficiently high, collisional deactiva-
tion, or quenehing, is the main loss mechanism of the excited speeies. This
mechanism is particularly important for 2D and 1D metastable states.

The height variation of the ratio between the emission and the quenching
rates of excited atoms can be given by the expression

’j ZAj/d(X)n(x‚/l)‚
where dj(x) is the quenching coefficient for exeited state j by speoies x with
density n(x‚h) at height h. Aj is the sum of the radiative probabilities from
state j.

Moleeular nitrogen is regarded to be the dominating quenehing agent of
the 0(1D) state (Zipf, 1969). Using the N2 number density n(N2,h) versus
altitude from the CIRA mean atmosphere (1972), A:0.0091 s’1 (Garstang,
1951), and d(N2):6'10’ 11 em3/s (Zipf, 1969), the 1D effective lifetime altitude
profile is oalculated and illustrated in Figure 10. This figure demonstrates that
around 200 km 95% of the excited 0(1D) atoms are quenched, and an effective
lifetime of a few seconds appears.

The energy of the auroral electrons penetrating down to 200 km is estimated
to be a few hundred eV (Rees, 1963; Banks et al., 1974), typical energies of
polar cleft electrons. As the diurnal variation of the 6300 Ä emission differs
considerably from the behaviour of Hß, it gives further evidenee that the main
part of the 0(1D) excitation is due to low-energy electron precipitation. The
oollisional quenching of the 0(18) atoms is below 10% above 150 km (Henriksen,
1975), and therefore the excitation rate of the 0(1D) atoms generally exceeds
the excitation rate of the 0(18) atoms by at least an order of magnitude within
the polar cleft.

Recent investigations find that for the N(2D) atoms, atomic oxygen is the
major quenching agent between 140 km and 220 km with a rate coefficient
of 1-10"12 cm3 s‘1 (Strobel et a1.‚ 1976). Below 140km collision with 02 is
the main loss process with rate coefficient of 7‘10’12 cm3 s’l, and above
220 km the quenching rate due to thermal electrons beeomes the dominating
loss mechanism. Using the quenching rate 5-10’10 (T8/300)1/2 cm3 s”, the
steady-state electron densities, and electron temperatures obtained by Frederick
and Rusoh (1977), the calculated eleetron quenching does not exeeed the other
loss mechanisms below 300 km. The effeotive lifetime r and the emission to
quenching ratio r have been calculated, using O, and 02 number densities
of the CIRA mean atmosphere (1972). The results are illustrated in Figure
11. The spectrometric records of 5200 Ä infer that the effective lifetime ean
be at least as short as 4min, a value whieh is obtained at 220 km. At this
altitude less than 1% of the N(2D) excitation leads to 5200 Ä radiation.

Using our data, we estimate that in the cleft the produotion of the N(2D)
atoms generally is of the same order of magnitude as the produotion of the
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0(1S) atoms. The diurnal variation of the 5200 Ä emission indicates that the
main part of the production is due to low-energy electrons as for the 0(1D)
species.

Direct rocket-measurements in the polar Cleft show that the emission height
of 6300 Ä can be found between 200 km and 235 km, and 5200 Ä is emitted
from altitudes above 235 km (Shepherd et al., 1976). The results of these experi-
ments are in accord with the present work.

6. Conclusions and Future Work

The above discussed enhancements of the 5200 Ä and 6300 Ä features lead
to the conclusion that the [NI] emission is another optical signature of the
polar cleft aurora. The Hß intensity is relatively low, and it does not seem
to be correlated with the 5200 Ä and 6300 Ä emissions, and remains low around
local geomagnetic noon when Ny-Aalesund is expected to be within the polar
cleft. Satellite particle measurements indicate that the particle precipitation is
dominated by low-energy protons and electrons, probably of directäentry origin.
The enhanced intensity of the 6300 Ä line is due to low-energy electron precipita-
tion, and the low-energy protons may give only minor contributions to both
5200 Ä and 6300 Ä intensities.

The present set of data is not sufficient to prediot adequately the location
of the auroral oval at various levels of geomagnetic activity. Improved spectro-
metric observations, however, can be used to map the location of the dayside
auroral oval, the polar cleft, and to identify the coupling mechanisms between
the ionosphere and the magnetosphere.

A new campaign to Ny-Aalesund took place during January 1978, with
an extended spectrometric observation programme. An improved spectrometer
with a spectral resolution of 2 Ä was included for the purpose of identifying
the possible HeI 5876 Ä emission from zenith and its expected Doppler shift
of a few Ängströms towards shorter wavelengths. The wavelength region
5876 Äi 10 Ä was systematically explored, and weak intensity enhancements
identified.
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Parameters of the Auroral Electrojet
From Magnetic Variations Along a Meridian

H. Maurer and B. Theile

Institut für Geophysik und Meteorologie der Technischen Universität Braunschweig,
Mendelssohnstraße 1A, 3300 Braunschweig, Federal Republic of Germany

Abstract. The parameters of the auroral electrojet are described by using
an ionospheric sheet current model. Data from a line of magnetometers
between 62 and 67 degrees magnetic latitude are the input for the computation
of the parameters during electrojet activity. The parameters are depicted in the
parameter-time diagram which furnishes mainly the following information:
1. Applicability cf the two dimensional current model.
2. Latitudinal extent of the electrojets as a function of time.
3. Location cf centre of the current as a function of time.
4. Current flow direction.

Two case studies are carried out. The first comprises DMSP (Defense
Meteorological Satellite Program) data, the second makes use of data collected
simultaneously by the Scandinavian Twin Auroral Radar Experiment (STARE).
The results of the parameter-time diagram and the DMSP as well as the
STARE data are in good agreement.

Key words: Substorm — Auroral electrojet — Ionospheric currents —
Magnetic field observation — IMS.

l. Introduction

Six magnetometer stations are installed in Finland and Norway between 66 and
71 degrees northern geographic latitude in order t0 measure the magnetic varia-
tions of auroral electrojet activity. The proper locations of the stations are shown
in Figure 1. The project is carried out as part of the International Magnete-
spheric Study (IMS). The european magnetometer network is dedicated t0 the
IMS. It consists of the Braunschweig magnetometer chain on which is reported
here only, and the Münster network (Küppers et al., 1978). Table 1 contains the
geographical and geomagnetic coordinates of our line of stations.

The auroral electrojet has t0 be regarded as the ionospheric component of
a dynamical magnetospheric process called the magnetospheric substorm
(Akasofu, 1968). Thus the quantitative knowledge of the electrojet’s properties

0340-062X/78/OO44/O415/330240
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Table l. Coordinates of the magnetometer stations used in this study

Name Code Geographie coordinates Geomagnetic coordinatesa CGMb

Latitude Longitude Latitude Longitude
[Deg] [Deg] [Deg] [Deg] [UT]

Skärsvag SKA 71.11 N 25.83 E 67.61 N 111.04E 21:17
Kunes KUN 70.35 N 26.51 E 66.84 N 110.79 E 21: 18
Kevo KEV 69.75 N 27.03 E 66.23 N 110.61 E 21:19
Ivalo IVA 68.60 N 27.47 E 65.05 N 109.94 E 21:22
Martti MAR 67.47 N 28.28 E 63.90 N 109.76 E 21:23
Kuusamo KUU 65.91 N 29.05 E 62.37 N 109.24 E 21:25

Revised corrected geomagnetic coordinates calculated after Gustafsson (1970)
b Corrected Geomagnetic Midnight calculated for January 19, 1977 (Montbriand, 1970)

is a prerequisite for the understanding of the physics of the substorm. The Observa-
tion along a meridian enables us t0 resolve temporal and spatial variations along
the profile. Heinrich et a1. (1970) and Hanser et a1. (1973) used north-south mag-
netometer lines t0 determine parameters of the auroral electrojet in conjunction
with sounding rocket launches. Czechowsky (1970) calculated equivalent E-
region currents from four magnetic ground recordings for comparison with VHF
backscatter data. Significant advances were achieved by the North Ameriean
1ine of Rostoker and his coworkers. Kisabeth and Rostoker (1971) were the first
to publish data collected from their meridian 1ine of magnetometers in North
America. In a series of papers (Kisabeth and Rostoker, 1973; Rostoker and
Kisabeth, 1973; Kisabeth and Rostoker, 1974; Rostoker et al.‚ 1975; Wiens and
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Rostoker, 1975) they analysed the structural and temporal behaviour of auroral
electrojets.

The purpose of this paper is to show how the data of the magnetometer chain
can be used to obtain a synoptic survey of the electrojet activity along a meridian.
It is shown how the simultaneous observation by six stations can be converted
into a concise representation for subsequent physical interpretation. The temporal
and spatial behaviour of the electrojet can be studied by means of a parameter-
time diagram. This diagram is based on a method of data presentation first
published by Zaitzev and Boström (1970). Two examples demonstrate under
what circumstances the data from the magnetometer chain can be used to give
quantitative information on the electrojet. For instance, if the current flow becomes
too complex, it is difficult to interpret the magnetic field data using the technique
presented in this paper.

2. Data Collection

The six stations are of identical design: A three component flux gate magneto-
meter measures the variation of the horizontal component H, of the magnetic
east component D and of the vertical component Z of the earth’s magnetic field.
Each oomponent may vary within i 1000 nTwith respect to the baseline value.
The analogue magnetometer output Signal is digitised by a 12 bit analogue to
digital converter (ADC) with an accuracy of 0.5 nT A quartz controlled time
base generator provides the time oode and controls data recording on a magnetic
tape compatible with a digital computer. The normal sampling rate is 10 s, aliasing
filters suppress frequencies above the Nyquist frequency in the original Signal.
The subsequent data processing procedure includes error detection routines and
conversion of the field components from the magnetic system H-D-Z into the
geographic system X ( : North), Y( = East) and Z ( z Down). By this the geographic
north direction is used as directional referenee rather than the magnetic declina-
tion which varies from one location to another.

3. Parameters of the Electrojet

Simultaneous observations by backscatter techniques and magnetometers show
that the auroral electrojet can be described in terms of a sheet current flowing
in 115km altitude (Brekke et al.‚ 1974; Greenwald et al.‚ 1977). We will use x,
y, and Z to denote the geographic directions north, east and down. The corre—
sponding magnetic field components are X, Y, and Z. Figure 2 Shows the resulting
X and Z field components at the earth’s surface for a model westward flowing
sheet current with infinite extent in the east-west direction, positioned at a height
of 115 km. The north-south extent of the sheet is 4 degrees centered at 68 degrees
with a uniform surface current density of 1.5 Am‘l.
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This figure also may illustrate the parameters we use for the description of
the current (Cf. Figs. 6 and 9):

Xmin or Xmaxzindicates latitude Where the centre of the current is located,
from minimum or maximum in X

s =indicates same latitude from Z=O
min, Zmax =indicates latitudes of the Z extrema as a measure of the north-

south extent of the current flow
Xa 2X value at the latitude indicated by Xmin or Xmax as a measure

of the current density and the flow direction (west or east)
Zg =gives the gradient of Z at the latitude where Z:O.

If the latitudes indicated by the symbols Zzero and Xmin, Xmax‚ derived from
measurements along our station line, coincide, the actual current can be approx-
imated using this model.

The gradient Zg together with the amplitude value Xa will be used t0 compute
the north-south extent of the current for those cases where the extrema of Z (cf.
Fig. 2) are outside the range of the magnetometer chain.

As shown by Kertz (1954) the magnetic field of a line current I at height h,
can be expressed in terms of an infinitely broad sheet current at height h<h,
with the current density:

' =_————— 0 S h h 1JH(x)
7C x2+(hl—h)2 ——’— < l ( )

hl=height of the line current
h =height of the sheet current
I = line current strength.

For a line current of infinite east-west extent, flowing at the height h, above the
earth’s surface in east-west direction we have the well known equations:
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M0 I ' hlX z: ——(x) 27: xz+hl2
Y(x)=:0 (2)

_luo I ' xZ :: ————.(x) 27: x2+hl2

Assuming that the measured magnetic field variations at the earth’s surface
are due to a line current we obtain expressions for the current I and the height h,
in terms of the measured quantities Zg and Xa:

27: X3
0 Z“ g (3)

With the result of (3) and the assumption that the ionospheric sheet current flows
at 115 km altitude (h=115 km<h,) we can determine the current distribution
by using Equation (1). This in turn allows us t0 determine the north-south extent
of the electrojet whieh is ehosen t0 be the half width of the current distribution.
In Seetion 4.1 a comparison is made between the directly measured extrema
of Z and the indirectly computed north-south extent. These Show good agreement.

This simple model cannot aecount for east-west fields. The Y-component
may be due to field-aligned currents first reported by Zmuda et al. (1966) and/or
an x—component of the ionospheric current (cf. Brekke et al.‚ 1974).

Earth induction effects are neglected. Investigations using simplifying assump-
tions for the conduetivity within the earth and the temporal behaviour of the
current are previously reported in the pioneering work by McNish (1938) and
Forbush and Casaverde (1961). Recent results are given by Boström (1971)
and Mareschal (1976). The result is an increase of the magnetic field amplitude by
the earth-induced current which in turn means that current densities derived
from ground-based magnetic recordings may appear t0 be larger than they are
in nature.

If we plot the latitudes Xmin or Xmax as well as the Zzero as a funetion of time,
we are able t0 judge how well this model describes the actual current. The current
flow is symmetrical relative to our station line and satisfies also the model as-
sumptions as long as the X X and Z are measured simultaneously
at the same latitude.

min 3 max 9 zero

4. Case Studies

4.1. January 19, 1977

Figure 3 Shows the magnetie field eomponents as recorded by the six stations
between 18:00 and 21:00 UT. Upper, middle and lower panel eontain X, Y, and Z
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respectively. The magnetie field was very quiet until 18:00 UT. Therefore the
magnitudes of the field components as measured before 18:00 UT were chosen
as baselines. Corrected geomagnetic midnight (Montbriand, 1970) occurs between
21: 17 UT and 21:25 UT at the different station latitudes (cf. Table 1). Each trace
in Figure 3 reflects temporal and spatial variations of the ionospheric current.
We seperate temporal and spatial effects by computing latitude profiles from
our station line for selected times. The profiles are obtained by joining the six
field values given at the six station latitudes by means of a Spline interpolation.
The result is shown in Figure4 with the time increasing from bottom t0 top.

Until about 19:20 UT X is positive in the south and negative in the north.
From this we conclude that there is an eastward current in the south and at the
same time a westward electrojet north of it. After this time there is a well developed
negative X, this means a westward electrojet.

Hughes and Rostoker (1977) as well as Yasuhara et a1. (1975) have shown
that field-aligned currents may be Observed on the ground by changes of the
east-west component of the magnetic field. As Y (Fig. 4) is just slightly positive
and fairly constant after 19:20 UT, we assume that there is n0 strong field—aligned
current flow during that time along our line.
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Fig. 5. Auroral emissions taken by I” ‚ß
a DMSP satellite. The dotted line
indicates the scandinavian eoastline.
The magnetometer chain is between ’

the 25° and 30° meridians

After 19:30 UT both extrema of Z are within the range of the chain. The
aetual loeations of the maximum and the minimum (i.e.‚ the north-south extent)
coincides with the values obtained by computation using Equations (1) through (3).

Figure 5 ShOWS auroral struetures photographed by a DMSP satellite (Defense
Meteorological Satellite Program). The Scandinavian coast is indicated by a
dotted line, the station line is between 25 and 30 degrees geographic longitude.
The picture was taken at about 19:30 UT eorresponding t0 22:11 corrected
geomagnetie time. The aurora is located over Kunes. The latitude profile (Fig. 4)
indicates a westward electrojet t0 the south of Kunes.

A comprehensive description of the development between 18:00 and 21 : 00 UT
is given in the parameter-time diagram (Fig. 6). The upper panel shows the latitude
variations of the parameters Zum, Zmav Zmim Xmax, Xmin versus time. The middle
panel ShOWS — as far as it can be calculated by the method described in Chapter 3 —
the north-south extent of the current versus time. The lower panel gives the direc—
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tion of the horizontal magnetic perturbation vector. The dashed curve was com-
puted from the means of all X and Y values taken over all six stations for a given
time, the solid curve shows the behaviour of the vector in Kevo. By comparing
the curve for Kevo with the mean direction curve, one can easily see the homo-
geneity of the current flow.

An inspection of the upper panel shows that there is a very complex current
flow until about 19:20 UT. The two s-traces are an indicator for two currents,
the corresponding Xmax and Xmin curves shows that the currents are flowing
antiparallel—as we know already from Figure 4. The strong irregularities in the
parameters indicate strong variations of the current strength and direction.
We cannot apply a simple sheet current model. If we reinspect Figure 5 we realize
a multiple arc structured aurora west of 14 degrees longitude. It is likely that this
structure moved over the chain in westward direction. However due t0 cloud
cover n0 all-sky recordings are available t0 back this assumption. The transition
from a complex current system t0 a “simple” auroral electrojet at the magneto-
meter chain longitude occurs at 19:20 UT. From that time on the current can be
modelled using a sheet current model. The Zzero and Xmm location coincide very
well. The current system moves southward until 20:00 UT as indicated by the
northward (Z ) and southward (Zmin) edge of the system. After 21:00 UTmax
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Fig. 7. Latitude profile of magnetic field variations on February 2, 1977 between 19:00 and 21:00 UT.
Kp=3—. Refer to Figure4 and text for explanation

the centre of the current is at 69 degrees geographical latitude. The horizontal
field is rather homogeneous and direeted mainly to the south with as slight devia-
tion to the east as one can see in the lower panel of Figure 6.

The parameter-time diagram allows the following summary: Between 18:00
and 19:20 UT we find strongly varying currents which cannot be explained by a
simple model. After 19:20 UT until about 21:00 UT the current becomes a
westward sheet current. The eounterflowing currents before 19:20 UT indicate
that a Harang discontinuity (Heppner, 1972) moved over the magnetometer
line. The substorm onset occurred at about 18:45 UT followed by the main phase
and recovery phase.

4.2. February 2, 1977

Figure 7 Shows the three magnetic components in a latitude profile plot for the
time between 19:00 and 20: 30 UT. The X-component ShOWS an eastward electro-
jet at 19:00 UT. Later on, from 19: 15 UT onwards X becomes negative in the
north, which means that a westward current develops in the north. After some time
the eastward current in the south disappears. The variations in the Y-component
from 19:40 UT onwards suggest either field-aligned currents or a north-south
component in the ionospheric current.

Figure8 depicts four seleeted STARE (Scandinavian Twin Auroral Radar
Experiment) observations (oourtesy of R.A. Greenwald). STARE measures the
horizontal Hall-currents in the ionosphere. At 19:05 UT STARE ShOWS an east-
ward electrojet between 69 and 70 degrees geographic latitude (panel a in Fig. 8).
The parameter—time diagram for the same time interval is shown in Figure 9.
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The Xmax curve in the parameter-time diagram indicates the same position
of the electrojet as well. Xmax and s do not coincide too well, but the locations
are not more than 40 km apart. The next STARE observation at 19:27 UT (panel b
in Fig. 8) shows an eastward ourrent between 68 and 69.5 degrees and a westward
current between 70.5 and 71 degrees latitude. For this time we find two s
curves in the parameter-time diagram indicating the proper locations of the
current flow. A few minutes later, at 19:31 UT (panel c in Fig. 8) the ourrent in
the south has vanished, only a westward flow between 71 and 72 degrees latitude
is observed. The parameter-time diagram ShOWS rather confusing patterns. This
is due to two effects: 1. The STARE observation ShOWS the high temporal vari-
ability of the current, which results in highly variable magnetic fields. 2. There are
currents of opposite direction. The superposed magnetic fields lead to erroneous
results in the parameter-time diagram.

The last STARE observation at 19: 53 UT (panel d in Fig. 8) shows a westward
electrojet with a southward component north of 70 degrees latitude. Only 100 km
to the south there is an eastward current. It appears quite natural that this current
flow cannot be derived from the parameter—time diagram. The latitude profile
of the Y-component in Figure7 becomes positive in the northern part after
19:40 UT. By comparison with the STARE data we can explain this by the
southward current (panel d in Fig. 9).

5. Conclusions

Magnetic field observations can only be interpreted in terms of eleotrio currents
when some geometrical properties of the currents are known. By means of an
ionospheric sheet current model the parameters Zzem m, m Xmm, and
Xmax are computed and plotted in the parameter-time diagram. As long as the
electrojet behaves as assumed in the model, the parameter-time diagram is a
good tool to study the behaviour of the current. Magnetic data and auroral
emissions as well as auroral radar data are consistent. As soon as the ionospheric
current flow becomes so complex that the model assumption is strongly Violated‚
the parameter-time diagram becomes a confusing line pattern, telling us that
the Situation cannot be analysed only by magnetic observations along the profile.
Simultaneous measurements by auroral radar technique and the ground based
magnetometer chains show how difficult it is to solve complex ourrent struotures
by ground based measurements. However, it is considered to be an important
result of the parameter-time diagram that it immediately delivers information
on the simplicity or oomplexity of the prevailing ionospheric current at a certain
time.
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The Recurrence Tendency of Geomagnetic Activity
During Solar Cycle 20

J. Meyer
Troppauer Str. 28, 1000 Berlin 45

Abstract. The equivalent recurrence number a)(n) of geomagnetic activity
introduced by Bartels (1960) is a quantitative measure of the recurrence
tendency during n eonsecutive solar rotations. Tabulated values of co(n),
for n equal to 2, 4, 8, 16, and 32, are given for the years 1971—1976 supple-
menting former tables (Meyer, 1965, 1973) comprising the years 1884—1970.
A musical diagram of co(n) for the years 1965—1976 provides a detailed
picture of the recurrence tendency during the entire solar cycle 20.

The general course of the recurrence tendency variation, apart from
superimposed arbitrary fluctuations, follows the one notieed for previous
solar cycles and is especially well pronounced for the higher values of n:
The recurrence tendency is lowest in the years immediately following the
preceding sunspot minimum till sunspot maximum (1965—1968), it is increas-
ing in the years after sunspot maximum (1969—1973), and is strongest in
the two years before the final sunspot minimum (1974—1975), remaining
still relatively high throughout 1976. In a physical interpretation the equiva-
lent recurrence numbers a)(n) are reflecting the stability of the large-seale
solar wind structure or, more specifically, of high-speed solar Wind streams.

Key words: Geomagnetic aetivity —— Recurrence tendency — Equivalent
recurrence numbers.

l. Introduction

For geomagnetic activity a great variety of measures exist, the most customary
ones being derived from Bartels’ three-hour range index K. They usually underly
studies of both time variations of activity and correlation with other solar
or interplanetary data. Special investigations on the 27-days recurrence tendency
with any of these measures have previously been carried out mainly by applying
the method of superposed epochs (synchronization or Chree method), thus
yielding only average results for long periods. A higher resolution of time
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variations requires a quantitative measure of the recurrence tendency itself.
For this purpose J. Bartels initiated an extensive study to express the recurrence
tendency numerically by means of equivalent recurrence numbers, based on
the continuous series of daily Character figures C8 extending back to 1884.
Preliminary results were presented by Bartels (1960) at the Helsinki Meeting
of IAGA. A complete table of recurrence numbers for each solar rotation
from 1884—1963/64 was published by Meyer (1965), together with a first evalua-
tion of the calculated indices. In the same paper musical diagrams similar
to those for Kp provided a comprehensive picture of the recurrence tendency
in the course of more than seven sunspot cycles. The diagram for the years
1954»1964 (solar cycle 19) has also been shown in another paper (Meyer, 1966).
Supplementary tables and diagrams for 1964—1970, 1971 have been given by
Meyer (1973). The present paper contains additional data for the years
1971—1976, completing the recurrence tendency picture for the entire sunspot
cycle 20.

2. The Equivalent Recurrence Number m(n)

The original concept of recurrence scaling has already been put forward by
Bartels (1935; see also Chapman and Bartels, 1940) by generalizing the funda-
mental law of propagation of errors. The equivalent recurrence number m(n)
(equivalent number of repeated sets) is defined by

m(n)=m2(n)/(m2/n)‚ (1)

where m is the average standard deviation for n (long) individual sets of single
values, and m(n) is the standard deviation for the average set. A detailed
treatment of the morphology of geophysical time series with conservation and
recurrence tendencies, including the deduction of all formulas, can be found
in the treatise of Meyer (1965).

For geomagnetic data, arranged as usual in lines according to solar rotations
of exaetly 27 days, the equivalent recurrence number m(n) indicates how many
times (among n of such consecutive sets) statistically independent sets are re-
peated: m(n) being l means arbitrary succession without any recurrence tendency
at all; m(n) being n means perfect repetition, i.e., all n rotations show an
identical day-to—day variation of activity. Thus the highest possible value for
the index co(n) is always the number n itself. Values of m(n) between 1 and
n denote positive recurrence tendency, those smaller than 1 denote negative
(opposite) recurrence tendency. Starting from the daily Character figures C8
(Bartels, 1951, 1958, and supplementary tables), the equivalent recurrence
numbers a)(n), for n equal to 2, 4, 8, 16, and 32, have been calculated separately
for each mean (or associated) solar rotation number. The first day of the mean
solar rotation is the central day of all n rotations concerned. The a)(n) data
in Table l supplements the former tables making available a continuous series
of equivalent recurrence numbers for the years 1884—1976.



|00000441||

Recurrence Tendency of Geomagnetic Activity 429

Table l. Equivalent recurrence numbers co(n) for geomagnetic activity during 1971—1976

Year Assoc. Rot.-No. (0(2) Rot-N0. a)(4) Rot-N0. (0(8) Rot-N0. (0(16) Rot.-No. w(32)
Rot-N0.

1971 1880 1879+80 1.15 1878—81 1.56 1876—83 1.42 1872—87 1.67 1864—95 2.18
1881 1880+ 81 1.69 1879—82 1.79 1877—84 1.68 1873—88 1.60 1865—96 1.94
1882 1881+82 1.37 1880—83 2.14 1878—85 2.64 1874—89 1.86 1866—97 1.95
1883 1882+83 1.48 1881—84 1.94 1879—86 2.60 1875—90 1.67 1867—98 1.96
1884 1883+84 1.14 1882—85 1.81 1880—87 2.67 1876—91 1.96 1868—99 1.79

1885 1884+85 1.08 1883—86 1.57 1881—88 2.06 1877—92 1.75 1869—00 1.81
1886 1885+86 1.21 1884—87 1.29 1882—89 1.65 1878—93 2.12 1870—01 1.84
1887 1886+87 1.10 1885—88 1.32 1883—90 1.27 1879—94 2.02 1871—02 1.81
1888 1887+88 1.42 1886—89 1.58 1884—91 1.58 1880—95 1.90 1872—03 1.92
1889 1888+89 1.30 1887—90 1.58 1885—92 1.75 1881—96 1.39 1873—04 1.65

1890 1889+90 1.19 1888—91 1.54 1886—93 2.18 1882—97 1.24 1874—05 1.54
1891 1890+91 1.16 1889—92 1.45 1887—94 2.46 1883—98 1.32 1875—06 1.51
1892 1891 +92 1.27 1890—93 1.67 1888—95 2.20 1884—99 1.23 1876.—07 1.43
1893 1892+93 1.07 1891—94 1.68 1889—96 1.40 1885—00 1.30 1877—08 1.51

1972 1894 1893+94 1.26 1892—95 1.39 1890—97 1.35 1886—01 1.39 1878—09 1.66

1895 1894+95 1.12 1893—96 0.89 1891—98 1.44 1887—02 1.61 1879—10 1.62
1896 1895+96 1.04 1894—97 1.03 1892—99 1.12 1888—03 1.71 1880—11 1.87
1897 1896+97 1.34 1895—98 1.69 1893—00 1.12 1889—04 1.52 1881—12 1.91
1898 1897+98 1.50 1896—99 1.36 1894—01 1.07 1890—05 1.4l 1882—13 1.87
1899 1898+99 0.84 1897—00 0.93 1895—02 1.17 1891—06 1.28 1883—14 1.74

1900 1899+00 0.67 1898—01 0.79 1896—03 1.02 1892—07 1.11 1884—15 1.80
1901 1900+01 1.35 1899—02 0.75 1897—04 0.84 1893—08 1.28 1885—16 1.65
1902 1901+02 0.96 1900—03 1.84 1898—05 0.98 1894—09 1.18 1886—17 1.57
1903 1902+03 1.47 1901—04 1.49 1899—06 1.11 1895—10 1.13 1887—18 1.69
1904 l903+04 0.91 1902—05 1.26 1900—07 1.42 1896—11 1.23 1888—19 1.54

1905 1904+05 1.19 1903—06 1.23 1901—08 1.38 1897—12 1.52 1889—20 1.42
1906 1905+06 1.41 1904—07 1.38 1902—09 1.27 1898—13 1.88 1890—21 1.37

1973 1907 1906+07 1.29 1905—08 1.56 1903—10 1.33 1899—14 1.84 1891—22 1.19
1908 1907+08 1.37 1906—09 1.56 1904—11 1.82 1900—15 2.02 1892—23 1.13
1909 1908+09 1.44 1907—10 2.07 1905— 12 2.01 1901 — 16 1.90 1893—24 0.99

1910 1909+10 1.49 1908—11 2.36 1906—13 2.53 1902—17 1.72 1894—25 1.05
1911 1910+11 1.64 1909—12 2.27 1907—14 2.33 1903—18 1.32 1895—26 1.09
1912 1911+12 1.41 1910—13 1.91 1908—15 2.19 1904—19 1.30 1896—27 0.99
1913 1912+13 1.54 1911—14 1.56 1909—16 1.80 1905—20 1.17 1897—28 1.22
1914 1913+14 1.09 1912—15 1.53 1910—17 1.37 1906—21 1.24 1898—29 1.56

1915 1914+15 1.23 1913—16 1.65 1911—18 1.03 1907—22 1.24 1899—30 1.72
1916 1915+16 1.48 1914—17 1.91 1912—19 1.29 1908—23 1.12 1900—31 1.84
1917 1916+17 1.37 1915—18 1.58 1913—20 1.18 1909—24 1.35 1901—32 1.96
1918 1917+18 1.29 1916—l9 1.73 1914—21 1.52 1910—25 1.53 1902—33 1.70
1919 1918+19 1.41 1917—20 1.81 1915—22 1.67 1911—26 1.98 1903—34 1.97

1920 1919+20 1.17 1918—21 1.93 1916—23 1.72 1912—27 2.38 1904—35 2.25
1974 1921 1920+21 1.53 1919—22 2.04 1917—24 2.47 1913—28 2.73 1905—36 2.26

1922 1921+22 1.39 1920—23 2.05 1918—25 2.73 1914—29 3.22 1906—37 2.43
1923 1922+23 1.36 1921—24 1.90 1919—26 3.39 1915—30 3.31 1907—38 2.88
1924 1923+24 1.09 1922—25 2.42 1920—27 3.39 1916—31 3.99 1908—39 3.50

1925 1924+25 1.76 1923—26 2.20 1921—28 3.55 1917—32 4.85 1909 40 3.94
1926 1925+26 1.48 1924—27 2.08 1922—29 3.41 1918—33 5.14 1910—41 4.15
1927 1926+27 1.51 1925—28 2.32 1923—30 3.09 1919—34 5.48 1911—42 4.65
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Table l (Continued)

Year Assoc. Rot-N0. (0(2) Rot-N0. a)(4) Rot.-N0. a)(8) Rot-N0. a)(16) Rot.-No. (0(32)
Rot-N0.

1928 l927+28 1.60 1926—29 2.91 1924—31 3.37 1920—35 5.40 1912—43 4.94
1929 1928+29 1.74 1927—30 2.69 1925—32 3.77 1921—36 4.95 1913—44 4.74

1930 1929+30 1.49 1928—31 2.65 1926—33 4.13 1922—37 4.52 1914—45 4.65
1931 1930+31 1.52 1929—32 2.54 1927—34 4.03 1923—38 4.75 1915—46 4.75
1932 1931+32 1.47 1930—33 2.46 1928—35 3.95 1924—39 5.00 1916—47 4.84
1933 1932+33 1.37 1931—34 2.69 1929—36 3.25 1925—40 4.74 1917—48 5.09
1934 1933+34 1.80 1932—35 2.40 1930—37 3.14 1926—41 4.55 1918—49 4.91

1975 1935 1934+35 1.50 1933—36 1.98 1931—38 3.33 1927—42 4.54 1919—50 4.78
1936 1935+36 1.44 1934—37 2.10 1932—39 3.11 1928—43 4.39 1920—51 4.47
1937 1936+ 37 1.43 1935— 38 2.39 1933 —40 2.94 1929 —44 4.08 1921 — 52 4.07
1938 1937+38 1.56 1936—39 2.05 1934—41 2.85 1930—45 3.70 1922—53 3.61
1939 1938+ 39 1.24 1937—40 1.91 1935 —42 2.89 1931—46 3.56 1923 —54 3.47

1940 1939+40 1.37 1938—41 1.75 1936—43 2.30 1932—47 3.15 1924—55 3.43
1941 1940+41 1.57 1939—42 1.89 1937—44 1.87 1933—48 2.83 1925—56 3.60
1942 194l+42 0.96 1940—43 1.36 1938—45 1.80 1934—49 2.73 1926—57 3.73
1943 1942+43 1.25 1941—44 1.45 1939—46 2.41 1935 — 50 2.84 1927—58 3.49
1944 1943+44 1.56 1942—45 1.85 1940—47 2.20 1936—51 2.71 1928—59 3.31

1945 1944+45 1.34 1943 —46 2.07 1941—48 2.48 1937 — 52 2.55 1929 —60 3.47
1946 1945+46 1.10 1944—47 1.67 1942—49 2.61 1938—53 2.46 1930—61 3.11
1947 1946+47 1.27 1945 —48 1.79 1943 — 50 2.37 1939 — 54 2.43 1931—62 2.84

1976 1948 1947+48 1.42 1946—49 2.14 1944—51 2.16 1940—55 2.27 1932—63 2.73
1949 1948+49 1.54 1947—50 2.14 1945—52 2.20 1941—56 2.42 1933—64 2.79

1950 1949+50 1.52 1948—51 2.34 1946—53 2.45 1942—57 2.41 1934—65 2.60
1951 1950+51 1.59 1949—52 2.30 1947—54 2.04 1943—58 2.41 1935—66 2.64
1952 1951+ 52 1.36 1950— 53 1.86 1948 — 55 2.23 1944— 59 2.51 1936 —67 2.49
1953 1952+ 53 0.97 1951— 54 1.52 1949 — 56 1.93 1945 —60 2.64 1937 —68 2.26
1954 1953—+54 1.70 1952—55 1.32 1950—57 1.80 1946—61 2.46 1938—69 2.17

1955 1954+55 1.07 1953—56 1.88 1951—58 1.81 1947—62 2.18
1956 1955+56 1.41 1954—57 1.84 1952—59 2.18 1948—63 2.18
1957 1956+57 1.36 1955—58 1.96 1953—60 3.02 1949—64 2.13
1958 1957+58 1.22 1956—59 1.78 1954—61 2.63 1950—65 2.03
1959 1958 + 59 1.29 1957— 60 2.01 1955 —62 2.45 1951—66 1.91

1960 1959+60 1.45 1958—61 1.57 1956—63 1.92 1952—67 2.13
1961 1960+61 1.15 1959—62 1.52 1957—64 1.98 1953—68 2.13

The physical significance of the equivalent recurrence number a)(n) can
easily be derived from its relation to the mean correlation coefficients r. (1:1,
2, . . . , n—I) between the n solar rotations:

co(n)=1+2
n—

n

1
r1+2 n—2

n r2+°"+;rn_1.
(2)

It ShOWS that, for a higher value of n, e.g., n equal t0 16 or 32, (0(11) is
determined t0 a considerable amount by the number of non-vanishing correlation
coefficients: a)(n) increases with increasing number of solar rotations connected
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by positive correlation, and vice-versa. Thus the indices co(16) and (0(32) are
essentially determined by the mean duration of the activity sequences in the
time-pattern of geomagnetic activity. They can be interpreted as a relative mea-
sure of the average life-time of all disturbance-causing solar M—regions within
the 16 or 32 rotations considered. Since the solar wind is the transmitting
medium for the geomagnetic activity originating primarily from solar activity,
the equivalent recurrence numbers may also be conceived as a measure for
the degree of stability of the large-scale solar wind structure.

The latter interpretation can also be applied to co(8). However, regarding
a)(2) and co(4) attention has to be paid to the superimposed semiannual wave
(Meyer, 1965, 1966, 1973) which clearly is an effect of terrestrial or magneto—
spheric modulation (see also Damaske, 1977). The appearance of a semiannual
wave also in the reeurrence tendency, i.e., in the persistence of geomagnetie
activity sets, is probably due to the method of calculating w(n), using linear
deviations from quasi-logarithmic character figures. If a)(2) and co(4) are to
indicate the stability of the solar Wind structure, the semiannual wave has
to be eliminated in a way analogous to the one suggested already for activity
indices (Roosen, 1966; Meyer, 1973).

The equivalent recurrenee numbers a)(n) have proved to be a useful tool
for reeurrence studies of geomagnetic activity (e. g., see Siebert, 1971). Beyond,
they are regarded as an adequate basis for detailed correlation studies with
solar wind and interplanetary field data.

3. Results for Solar Cycle 20

The musical diagram for co(n) (n22, 4, 8, 16, and 32) shown in Figure 1,
supplementing also former diagrams (Meyer, 1965, 1966, and 1973) gives a
synoptic picture of the reeurrence tendency variations during solar cycle 20
(years 1965—1976). The first index in a year is always associated with the first
rotation belonging fully to that year. It refers to the period from n/2 rotations
before to (n/2)——1rotations after the associated (mean) rotation number. In
practice, the associated rotation number can be read either from the table
of co(n) or from the semi-graphic table of C9. Sunspot minimum and maximum
are particularly marked by the triangles above the musical charts. In order
to faeilitate the recognition of recurrenee tendency decrease at or soon after
sunspot minimum, the beginning of solar cycle 21, beyond the minimum of
March 1976, is also shown. The base line for the single indiees meets the
value of co(n):1‚ corresponding to the absence of any recurrence tendency
(accidental sequences of solar rotations). Indices plotted upward denote positive,
those plotted downward denote negative (opposite) recurrence tendency. The
key shows values at intervals of 0.5. The scale itself is continuous.

As is immediately apparent from the diagram, the recurrenee tendency was
strongest in 1974 and 1975, i.e., in the two years preceding sunspot minimum,
remaining relatively high throughout 1976. But it is also perceptible, with varying
intensity, in the years immediately following the sunspot maximum year of
1968. In the interval from 1965 to about 1968 (i.e., the years after the 1964
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Fig. 1. Equivalent recurrence numbers w(n) for the years 1965—1976 (solar rotations 1796—1961)

minimum till sunspot maximum) the recurrence tendency was less pronounced,
though still existing on the average.

In its essential characteristics the systematic variation of the recurrence in-
dices (0(11) during solar cycle 20 corresponds t0 the average variation of recur-
rence tendency in the course of a sun3pot cycle found, for exampIe, using
the superposed epochs method (Bartels, 1948). On the 0ther hand, quite an
unusual aspect of solar cycle 20 has been noted conceming variations of geomag-
netic activity itself (e.g., Gosling et 211., 1977). The maximum activity occurred
exceptionally 1ate, not earlier than 1973—1975: i.e.‚ 5—7 years after sunspot
maximum, whereas the usual lag is 1—2 years. Furthermore, the activity maxi-
mum nearly coincided with the period of extremely high recurrence tendency,
while the maximum recurrence tendency usually appears for declining or even
minimum activity. This suggests that geomagnetic activity and its recurrence
tendency are not as closely correlated as previously supposed by the results
from other solar cycles.

As solar cycle 20 is the first cycle for which direct solar wind measurements
für langer periods are available, some of the inferences from geomagnetic activity
analysis can immediately be related t0 results of interplanetary data evaluation,
though still tentatively in many reSpects. Recurrence tendencies in the earth
passage of interplanetary magnetic sector boundaries as well a5 in well-defined
high-speed Wind streams have been reported by Sawyer (1976). Comparing
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both he finds that the recurrence interval for the latter has a clearly narrower
frequency distribution centered at 27.0 days, i.e., at exactly the same period
obtained on the average for geomagnetic activity recurrences. (For sector bound-
aries the average recurrence interval turns out to be half a day longer). Thus
the results of Sawyer are quite in favour of a close correlation between recurrent
geomagnetic activity and high—speed solar wind streams.

Further evidence for this view has been given by Gosling et a1. (1976) who
have plotted the occurrence of all high-speed streams observed from 1962 to
1974 in a 27-day format to emphasize recurrent features. A merely qualitative
judgement already shows the distinct difference in the recurrence pattern of
different years, i.e.: a rather poor stability in years of high solar activity
(1965—1967), an increasing stability on the declining branch of the solar cycle
(1970—1973), and the most stable streams appearing in 1974. This is in good
agreement with a corresponding variation of the recurrence tendency of geomag-
netic activity. Gosling et a1. (1976) confirm their results in a more quantitative
manner by means of yearly and half-yearly autocorrelation curves. The resolu-
tion, however, is not nearly as high as it is for the equivalent recurrence numbers
a)(n). A definite relation between geomagnetic activity and high-speed solar
wind streams would, at the same time, identify Bartels’ hypothetic M-regions
as the coronal holes in which the streams most probably originate (for a review
see Zirker, 1977). A detailed analysis of this relation will have to imply systematic
correlations between individual streams and activity sequences after eliminating
any effects of superimposed magnetospheric modulation. An investigation on
this topic is being planned.
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Upper Mantle Structure and Global Earth Tides

H. Wilhelm
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Federal Republic of Germany

Abstract. Static earth tide characteristic numbers are calculated for seismie
earth models differing with respeet to upper mantle structure. The results
confirm that global earth tides are rather insensitive to variations of upper
mantle structure. The values of the static numbers obtained for a European
continental structure are within the limits h 20.611 i0.002‚ k=0.301 i0.001,
1:0.0844i00006, ö: 1.161 i0.002‚ y=0.689i0.002.

Key words: Earth tides — Upper mantle structure —— Love numbers.

Introduction

Model calculations of the response of the earth to tidal accelerations have
led to the conviction that the strueture of the earth’s upper mantle has only
a minor influence on earth tides. Alsop and Kuo (1964) concluded from their
calculations that different seismic velocities in the upper mantle d0 not signifi-
cantly modify the earth tide parameters and that a Change of the density distribu-I
tion may eause a slight variation of the Love numbers. Kuo and Ewing (1966)
obtained differences of 3% between the Love numbers h and k for a Gutenberg—
Bullen A earth model with a low velocity channel Centered at 140 km and
a corresponding model with a structure of the New York—Pennsylvania area.
Farrell (1972) calculated the Mz-tide Love numbers for a Gutenberg-Bullen A
earth model and two eorresponding models in which the top 1000 km were
replaced by an oceanic and a continental shield mantle. The differences between
the corresponding Characteristic numbers were about 1%, and Farrell (1973)
concluded that global earth tides are quite insensitive to the earth’s structure.
Calculations of Wilhelm (1976, 1978) contradicted these results as differences
up to 10% between corresponding Love numbers appeared for some of the
considered earth models. But, as Denis (1978) pointed out, it is physically
quite unlikely that a Change of properties in any part of the mantle could
produce such large variations of the Love numbers. An examination of the
referred ealculations has confirmed this objection. As Denis supposed the differ-
ences are due to an inadequate eomputational procedure used for the numerical
differentiation of the parameters for the model of Wang (1972) and the models
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UTD124A’ and UTD124B’ of Dziewonski and Gilbert (1972). In the upper
mantle of these models there are second order discontinuities with high gradients
where the numerical differentiation proeedure introduced large errors. If these
diseontinuities are replaced by first order discontinuities with the eorresponding
boundary conditions the surprisingly large differences between the results (Wil-
helm, 1976, 1978) disappear and a good agreement is obtained.

Results

The transformations used t0 obtain a set of six first order linear differential
equations determining the tidal induced deformation and gravity disturbance
differ from the eorresponding transformations of Alterman et a1. (1959). In
order t0 solve the set of equations (9.38) of Wilhelm (1976) it is therefore
necessary to eompute the derivatives of density, gravity and Lame’s parameters.
In the computation a rigidity of 1 kbar was assumed for the outer core. A
diminuation of the rigidity generally yields only negligible changes of the results
but according t0 Denis (1978), the calculated static Love numbers can be differ-
ent aecording t0 whether the outer core is assumed t0 be fluid or not. In
case of a nonvanishing rigidity in the outer core the Jeffreys-Vicente eonjecture
(Pekeris and Accad, 1972) holds whereas for a fluid outer core this eonjecture
may not be valid. However, if the Jeffreys-Vicente conjecture applies the static
Love numbers calculated for core models with vanishing or small nonvanishing
rigidity should agree. The determination of the static deformation of an earth
model with a fluid eore is still a matter of discussion (for references see (Denis,
1978)).

The tidal characteristic numbers were ealculated for the model of Wang
(1972), the models UTD124A’ and UTD124B’ of Dziewonski and Gilbert (1972),
the models B497 and C198 of Gilbert et a1. (1973) tabulated in (Dziewonski
and Gilbert, 1973), the models 1066A and 1066B of Gilbert and Dziewonski
(1975), the model B1 of Jordan and Anderson (1974), and the model C2 of
Anderson and Hart (1976). The results are shown in Table 1. The model of
Wang is slightly modified in the crust in order t0 avoid a negative Poisson’s
number. Model C2 has an ocean of 3 km depth, therefore the characteristic
numbers refer t0 the oeean bottom. The values of h, k, (3-1 and y agree t0
within about 2% and l t0 within 3% with each other. These calculations confirm
the result that global earth tides are rather insensitive t0 the structure of the
upper mantle and eontrary assertions of Wilhelm (1976, 1978) are disproved.

Reference values of the earth tide parameters for European stations can
be obtained by substituting a common upper mantle for the different upper
mantles of the models of Table 1. Investigations of the dispersion of surface
waves (Seidl, 1971; Seidl et a1., 1971) have led t0 the model KA-IOO for the
upper mantle strueture in western Europe. If the substitution is performed
with this upper mantle model the characteristic numbers of Table 2 are obtained.
Now there are only small differences in the third signifieant digit between
corresponding values. The last two lines show the centered values and bounds
for eaCh eolumn. They represent undisturbed static tidal parameters which can
be expected for western Europe.
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Table 1. Static characteristic numbers for the considered earth models

h k 1 5 y

WANG 0.612 0.302 0.0846 1.159 0.690
UTD124A’ 0.609 0.301 0.0861 1.158 0.691
UTD124B’ 0.609 0.301 0.0861 1.158 0.691
B497 0.610 0.301 0.0850 1.159 0.691
C198 0.610 0.301 0.0851 1.159 0.691
1066A 0.611 0.301 0.0845 1.159 0.690
1066B 0.611 0.301 0.0842 1.159 0.690
B1 0.608 0.301 0.0856 1.158 0.692
C2 0.618 0.303 0.0841 1.163 0.685

Table 2. Static characteristic numbers for the models of Table l with KA-IOO upper mantle structure
(cf. text)

h k 1 ö y

WANGKA 0.612 0.300 0.0840 1.162 0.688
124A’KA
124B‚KA } 0.610 0.300 0.0850 1.160 0.690
B497KA
C198KA } 0.612 0.301 0.0842 1.161 0.689
1066AKA 0.610 0.300 0.0844 1.160 0.690
1066BKA 0.611 0.301 0.0842 1.160 0.690
BlKA 0.611 0.301 0.0845 1.159 0.690
CZKA 0.613 0.301 0.0838 1.161 0.688

0.611 0.301 0.0844 1.161 0.689
i 0.002 i 0.001 i0.0006 i0002 i0002

Table 3. Static characteristic numbers for model B497 with upper mantle structure of W-, SW-‚
and SE-Europe (cf. text)

h k l ö y

B497KA 0.612 0.301 0.0842 1.161 0.689
B497SW 0.611 0.300 0.0834 1.160 0.690
B497SE 0.610 0.300 0.0835 1.160 0.690

For SE-Europe and for SW-Europe a slightly different structure of the
upper mantle has t0 be assumed. The body wave velocities of these models
were taken from (Mayer-Rosa, 1969) and (Mayer—Rosa and Müller, 1973), the
density is tabulated in (Müller, 1971). In order to examine how much the
differences of the upper mantle structure of W-Europe, SW-Europe and SE—
Europe can affect the tidal parameters, the upper mantle of model B497 was
replaced by the upper mantle models for SW- and SE-Europe. From the results
shown in Table 3 it is evident that there are n0 significant variations of the
values of h, k, 5-1, and y for these models of the upper mantle in Europe.
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Comparison With Earth Tide Measurements

A comparison with characteristic numbers resulting from earth tide measure-
ments is only possible for the tide Ol which in the European area is not
so much disturbed by the indirect effect of ocean tides or by meteorological
disturbances. From measurements over a period of altogether about 16,000
days at European stations Melchior (1974) obtains

5(01):1.164i0.001 y(01):0.674i0.005 (l)
from which follows

h(01):0.638i0.017 k(01):0.317i0.011. (2)

5(01) is somewhat greater and y(01) is distinctly smaller than the corresponding
values of Table 2. The difference between the values of y indicates that systematic
disturbing influences are still affecting the mean value (1) of y(01). Since about
70% of the original data were obtained at earth tide stations in Belgium and
Luxembourg (Melchior, 1973) a systematic disturbance may be caused by the
indirect effect of ocean tides. A map of the regional distribution of (3(01)
in Europe (Melchior et a1.‚ 1976) shows a continuous decrease of 6(01)
from the Belgian coast (Ostende) Via Bruxelles to Luxembourg (Walferdange).
However, it is doubtful if the indirect effect is responsible for the deViation
from the theoretically calculated values, as model calculations of the influence
of the indirect effect on the Mz-tide lead to even greater discrepancies. On
the other hand the recently published values (Melchior, 1978)

5(01): 1.1608 i0.0086 y(01) 20.6788 i0.0056 (3)

are approaching the corresponding values of Table 2.

Conclusions

The present investigation confirms that global earth tides are not significantly
influenced by the structure of the upper mantle. The differences between the
characteristic numbers calculated for earth models with various upper mantle
structures are about 2%. Only the differences between the corresponding Shida
numbers l attain 3%.

There are discrepancies left between the mean values of y(01) obtained
from measurements at European stations and the corresponding static values
calculated for a European continental structure. The reason for these discre-
pancies should be examined.
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Simple Plate Models of Mantle Convection
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Abstract. A simple conveotive model that can maintain observed plate
motions consists of a Viscous upper mantle of uniform density overlain by
denser rigid plates. In the absenoe of density differences within the upper
mantle the Visoous stresses exerted by the flow are easily obtained and
demonstrate that the buoyancy forces associated with plate creation and
destruction can maintain plate motions. A model having a uniform Viscosity
upper mantle is, however, unsatisfactory because it predicts gravity and
residual depth anomalies two orders of magnitude larger than those ob-
served. This problem can be overcome by introducing a thin low viscosity
layer beneath the plates. The resulting model is then similar to that proposed
by Forsyth and Uyeda and by Chapple and Tullis despite a very different
approach. This agreement suggests that the energetics of plate motion are
now understood in outline. The model cannot, however, account for the
existence of the longwavelength gravity anomalies which are not associated
with plate motions.

Key words: Plate dynamics — Mantle convection — Mantle Viscosity.

l. Introduction

Though the kinetic description of the earth’s surface motion has been generally
accepted, there is much less agreement about how the motions are maintained.
The dynamio problem consists of two separate but related questions: How does
the mantle convert heat into mechanical work to maintain the observed plate
motions, and why is the large-scale flow of which the plate motions form part
stable to smaller scale motions? The first of these two questions is the simpler,
and it is with it that this paper will be principally concerned. All the forces
which we will consider arise from thermal convection: Heat is transported
upward by hot, less dense, material rising to replace denser, colder material.
However, the form the motion takes does not resemble Rayleigh-Benard con-
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vection. The dimensions and relative velocities of the plates are known by direct
observation, and simple models for the thermal strueture of ridges and sinking
slabs account for a considerable variety of geophysieal observations. If all other
buoyancy forces are ignored it is straightforward t0 use this information t0
ealculate the work supplied by the rigid plate motions themselves. This is the
simple model we eonsider below. Though it is likely that the buoyancy forces
near ridges and trenches provide an important part of the energy required t0
maintain the flow, exaetly how important a part is not yet Clear. It seems
unlikely that the only buoyancy forces in the mantle are those which result from
the temperature contrast between the sinking slabs and the surrounding mantle,
and the corresponding forees at ridges. For a variety of reasons (Richter, 1973b;
McKenzie et al.‚ 1974; MeKenzie and Weiss, 1975; Richter and Parsons, 1975)
some form of flow in the mantle with a length scale of 700 km or less seems
difficult to avoid, though as yet we have n0 observations about the form such
flow takes. But if it occurs it must be driven by buoyancy forces which are not
the direct result of plate production or destruction. Here we will assume that the
only effect of the small scale on the large occurs through the mean temperature
gradient. The small-scale flow must maintain a temperature gradient close t0
the adiabatic in most parts of the mantle and hence a reasonable approximation
is t0 ignore all buoyancy effects outside the plates when considering the
energetics of the large-scale flow. This approximation enormously simplifies the
discussion because the equations governing the flow of material beneath the
plates n0 longer explicitly involve the convection of heat. Whether such an
approximation is justified is uncertain. Both seales of convection are strongly
non-linear and can interact, but until more knowledge is forthcoming from
laboratory or numerical experiments it seems sensible t0 ignore such possible
complications.

Perhaps a more important difficulty is the probable existence of large-scale
vertieal motions unrelated t0 that associated with ridges and trenches. That such
flows exist is strongly suggested by the long wavelength gravity anomalies
determined from satellite motions. Many major anomalies are not obviously
related t0 any present day plate b0undaries, and the implied mantle flow may
well be partly responsible for maintaining plate motions (see Section 5).

We will assume that the deformation of mantle materials can be described by
a Newtonian Viseosity, and allow the viscosity t0 be only a function of position.
The equations are then linear and easily solved numerieally. Such an approach
is still basically kinematic, sinee the mantle motions are driven by motions of
the boundaries. It does, h0wever, allow a discussion of the forces which resist
plate motion in terms of a possible fluid mechanical model, and in this respect is
superior t0 the models used by Forsyth and Uyeda (1975) and by Chapple and
Tullis (1977). They attempted t0 use the observed plate motions t0 determine the
force balance on the major plates but did not explicitly consider the fluid
dynamical forces resulting from the surface motions.

A most important feature of our model is that the motions are confined t0
the upper 700km of the earth’s mantle. Recently various authors (O’Connell,
1977; Davies, 1977a and b) have argued that eonvection associated with plate
motions extends throughout the mantle. However, they have not put forward a
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detailed model t0 account for the focal mechanisms within sinking slabs (Fig. ll).
The state of stress indicated by the focal mechanisms is most easily explained by
the inability of the slabs t0 penetrate deeper than 700 km. The observed
mechanisms have always been and still are most difficult t0 account for by
convection throughout the mantle, and none of the authors who favor such a
flow have done so. N0 corresponding difficulty arises with the model used here.

In Section 4 the model is required t0 satisfy four observational constraints
that are not in dispute. Three of these provide upper limits and one provides a
lower limit on the mantle Viscosity. These limits d0 not overlap for models
having uniform Viscosity, but it appears possible t0 construct a self-consistent
model in which the mantle Viscosity increases with depth.

2. The Model

In the absenee of buoyancy forces the equations governing the motion of an
incompressible fluid may be written:

nVZuz—pVU-l—Vp (1)

Vou:0 (2)

where n is the Viscosity‚ p the density, u the fluid velocity‚ U the gravitational
potential and p the pressure. Both the density and the Viscosity ate taken t0 be
constant. If the flow is two-dimensional in the x, z plane, u can be written in
terms of a stream function

_ 5W 5W
u — (“Ö—g, 0, ——Ö—;> (3)

and the curl of (1) becomes

I74 (p = 0. (4)

It is convenient t0 rewrite (4) as

172 czo (5)
V2W=C (Q

where C is the vorticity‚ because fast subroutines are available for solVing
Poisson’s and Laplace’s equations. Though conversion of (1) and (2) into (5) and
(6) is a convenient method of solving Stokes flow problems, it somewhat
obscures the nature of the driving force. (1) ShOWS that the flow is driven by the
difference between the gravitational and pressure forces. In many fluid mechani-
cal problems it is not neeessary t0 determine the pressure, and a solution t0 (5)
and (6) is sufficient. This is not the case here because we need t0 know the work
done by rigid boundaries moving into the fluid. In the absence of flow (1)
reduces t0
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where UO and p0 are the hydrostatic values for the gravitational potential and
the pressure. When u #0

U:U +UO 1
(8)

P=P0+P1

and (1) becomes

nV2u= -pVU1+Vp1 (9)
The term —p V U1 describes the influence of the gravity perturbation result—

ing from the flow on the fluid motions themselves, and is somewhat complicated
t0 evaluate. Provided p VU1 < Vp1 we may neglect the contribution of p VU1 t0
u, even though we later need t0 obtain VU1 for comparison with the Obser-
vations. The resulting error may be estimated from the expressions obtained by
MCKenzie (1968, Appendix D) and by Pekeris (1935) for the surface deformation
and gravity field produced by low Rayleigh number thermal convection in a
uniform viscous sphere. These expressions show that, when the wavelength of
the Circulation is 104 km, the gravity anomaly is underestimated by about 30 %,
if p VU1 is neglected in (9), and the surface deformation by about 10 %,
decreasing t0 15 ‘X, and 5 %, respectively, when the wavelength is 4000 km. Since
we are only concerned with the order of magnitude of these two quantities, we
may therefore neglect p VU1 in (9), which may be then written as

öC ÖC Öpl Öpl———,0,—— = —,O,— 1077 (Öz 6x) (8x Öz ( )

and hence p1 is easily obtained. Since only I7p1 enters (9), any arbitrary constant
may be added t0 pl. This indeterminancy allows us t0 choose an arbitrary origin
for p 1.

In all cases we will c0nsider, the motion will be driven by a rigid plate of
thickness t moving with a velocity V and the layer in which the motion is
occurring will have a depth d (Fig. 1). It is therefore convenient t0 write

V
u=Vu’,

5:?5,
x=dx’

V121477121, 20:d z=dz' (11)
Fz—jpldx, =—17Vjp’1dx’

where the primed quantities are dimensionless, and F is the force/unit length.
(10) then reduces t0

öC’ öC’ _ Öp’l Öp’l
(82”0’ Öx’>_(Öx”0’ dz’ (12)
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_1!_
TRENCH INTERIOR RIDGE |‘-0-|

l l f I : 6' : i 0’ 5
d 4 i ' I |lA: LZ_ : g b

l— /7 ‚ l l X l |
l1 " / l l ß J l 0

l‘——-L1——*l l‘—L2
Fig.l. Typical model for the large-scale flow, driven by dimensionless velocities imposed on the
boundaries. Both components of the velocity vanish on a, j, and k. The normal component vanishes,
but the tangential component is set to ——l on d, e, f, and g. On b and i the normal component of the
velocity and the tangential stress vanish. On h the tangential velocity is zero and the normal
component is — 1. On c the normal velocity is given by (20). This model imposes reflection symmetry
across both left and right hand edges, and was used to caloulate the forces in Figures 4—6, and 8.
Those in Figure 7 were obtained from a model with a more realistic boundary condition on the left

It is clear from the dimensionless forms of (5) and (6) that the solutions do not
depend on V. Similarly the dimensionless values of the forces/unit length are
independent of V, and the true forces F can be obtained simply by multiplying
by n V. This simplicity and generality is a consequence of the neglect of
buoyancy forces in the fluid, and the assumption that r] is constant.

lt is convenient to divide the circulation into three regions shown in
Figure 1: The trench, the interior, and the ridge. This division resembles that
made by Schubert and Turcotte (1972), who were concerned with the flow in the
interior region. Sufficiently far from both ridge and trench regions, the stream
lines must be horizontal and expressions for W, C’, and dp’l/dx’ may be obtained
analytically

W’=(3 t’+1)z’2—(2t’+l)z’3

C’=2{(3 t’+1)—3(2t’+1)z’}

ap{=—6(2t’+1)
Öx

(13)

where t’=t/d is the dimensionless plate thickness, the surface velocity is unity,
and the total mass flux across any vertical plane is zero. The prinoipal test we
use to discover how far we need to be from the ridge and trench regions before
(13) applies depends on the independence of dp’l/dx’ on z’ in the interior. The
interior solution for (0’ is imposed as a boundary condition on the dashed line of
either the ridge or the trench region (Fig. 1). For C’ and p’ given by (13) to apply
on the boundary, dp’l/dx’ and hence p’1‚ must be found to be independent of z’.
Various Gases are given in Figure 4, and show that the greatest variation of p’1
with depth is less than 1%.

We will also need the corresponding expressions when the shear stress
vanishes on the upper surface of the Viscous layer;
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t/[725624—25
CI=3t/(1—Z,)

(14)

dpi _ ‚ .
dx’

— —3t (see also Appendlx).

Since the lateral extent of large plates is much greater than their thickness,
the horizontal variation in p’1 cannot be maintained by elastic forces within the
plate but must be compensated isostatically. Therefore the appropriate bound-
ary condition to apply at the surface is that the normal stress vanishes, and that
dp’l/dx’ is maintained by a surface slope de’/dx’ where e’d is the change in
elevation above a level surface due to the flow.

de 1 dp1_ 17V dp’1

dx (pm-pw)gg;_(pm-pw)d2g dx’ (15)

where pm is the density of the mantle, ‚Ow that of sea water. The gradient of the
gravity anomaly corresponding to the surface slope is

dA V d ’
——g—z0.421—2 p}
dx gd dx (16)

when A g is measured in mms‘z. Since p is affected by the thermal structure of
the plate, whereas the long wavelength components of A g are not, (16) is
generally a more useful result than (15). This argument assumes that the lower
boundary of the convecting region near 700 km is not deformed by the horizon-
tal variation in p’l. If deformation is possible (15) remains unchanged but the
long wavelength components of the gravity field are removed by compensation
(McKenzie, 1977). Under these conditions (15) is more useful. An additional
complication occurs if the lower boundary results from a phase change. It may
then be shown (McKenzie, in preparation) that (16) underestimates the size of
dA g/dx. Since it is not yet clear what is the nature of the boundary at a depth of
700 km, we use both (15) and (16) to estimate n.

The interior flow produces a Viscous stress on the base of the plato, and the
surface tilting causes a sliding force to act in the same direction. Both these
forces therefore oppose the motion. The first of these gives a force/unit length

VfV=—'7d ' (17)
z’=1

Whereas the sliding force/unit length f8

_Ül t’ dp’l

d dx’f5: (18)

In the trench region the boundary conditions used are indicated in the
captions to Figures 1 and 2. In some models a velocity of —2 was used on g to
discover whether a rapidly sinking slab oould drag the surface plate towards the
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A1,
Fig.2. The corner region at the trench. Because the velocity gradient is Singular at the corner the
Stress is infinite. This region was excluded from the force balance calculations by neglecting the
forces on x1 and 21, where x, =0.125, zl =0.185. The force F on the oblique boundary was obtained
from both the finite difference calculation and from a (Singular) similarity solution

t
i

Fig. 3. Sketch t0 illustrate how the biharmonic equation was solved in the region beneath the slab
tip. The equation was first solved in b with 1/1’ =C’ =0 on the dotted boundary, then this solution used
t0 provide boundary conditions on the dashed boundary of a, and the process repeated by b. This
iterative method converged rapidly

trench. The least realistic of the boundary conditions is that imposed on i. This
boundary is only stress free if the flow has reflection symmetry about the left
edge of the figure, and clearly this is a poor approxiamtion: Real trenches are
strongly asymmetric. We therefore also carried out calculations on a more
realistic asymmetric model.

The basic numerical method used t0 solve (5) and (6) in the presence of rigid
boundaries was described by Richter (l973a). All the calculations described
below used 32 vertical mesh points and square elements. However, certain
difficulties arise in applying finite difference shemes t0 the trench region. Because
the position of the boundary A in Figure 1 is arbitrary, the value of L1 should
not affect the solution. If, however, (13) is imposed as a boundary condition on
A and Ll is small, the flow will be strongly affected by the value chosen, whereas
if L1 is made large, computer time will be wasted since a large part of the
solution will be indistinguishable from (13). It is undesirable t0 increase the
mesh spacing since in places the vorticity varies rapidly. A convenient test was
the sonstancy of p"1 on A. Since the pressure in the interior flow should only be a
function of x’, too small a value of L1 produced some variation with z’. This and
other simple tests showed that a value of 1.5 was a good compromise.

The most obvious objection t0 the boundary conditions imposed in Figure 1
in the trench region is that they require a singularity in the vorticity in the upper
left hand corner. The singularity occurs because the velocity is n01; continuous,
and it is not obvious that the numerical scheme will model this region ac-
curately. Furthermore, the similarity solution for the flow in this corner (Hewitt
et 3,1., 1975) ShÜWS that the shear forces acting on the horizontal and vertical
boundaries are infinite. The mathematical cause of this singularity is that the
velocity is not continuous and hence the stress, which depends on the gradient of
the velocity, is infinite. Such singularities commonly arise in fluid mechanics
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when the equations used to desoribe the physical behavior of the system locally
no longer do so. In this example the relationship between stress and strain rate
ceases to be linear when the stress exoeeds a particular value. Unless solutions to
the non-linear equations are obtained we must exclude the corner region from
the oalculations of force balance. We did this by cutting off the region with an
oblique surface at an angle o to the horizontal (Fig. 2). and calculating the force
F’ which the flow exerted on this surfaoe. When q5=7t/4‚ the value of F’ is easily
obtained from the similarity solution:

F’=21/5/(1+g—)#1.10 (19)

It must be independent of the position of the surfaee because there are no length
scales in the similarity solution. The corresponding value from the numerical
solution was 1.07 when the surface intersected 4 grid points from the corner.
Such good agreement is somewhat surprising, and shows that the singularity in
the vorticity does not produoe undesirable numerical effects.

The last difficulty in the trench region results from the geometry of the fluid.
The numerical schemes we used oan only solve the equations in rectangular
regions. We overcame this problem by using two overlapping regions shown in
Figure 3, and iterating between the two. The first step consisted in solving for gü’
and C’ in region b with C’=1p’=0 on the dotted part of the boundary. The
resulting solution was then used as a boundary condition on the dashed part of
the boundary of region a. This solution was in turn used for boundary
conditions for region b. Ten such iterations were used, and the maximum
difference in tü’ in the overlapping region was 1 part in 104. The accuraey of this
numerical procedure was tested by carrying out a simple experiment, deseribed
in detail elsewhere (Richter, 1977). A buoyant rectangular rod was allowed to
rise through a layer of glycerine. Since the buoyancy foree depends only on the
cross sectional area of the rod and the density contrast between the rod and the
glycerine, the driving force is known. The calculated and observed velocities
showed excellent agreement, and therefore confirm the accuracy of the iterative
scheme.

The ridge region contains no features not present in the trench region. A
simpler model would not possess the boundary c, and d would continue to meet
b. However, suoh a model would possess a vortieity singularity and would also
have no boundary where material could flow out of the region. Both difficulties
may be avoided by introdueing a free boundary c of width azda’ on which the
normal velocity is specified:

2t’
l—U
—a’2Z (x’ — L2 + a’). (20)

Such a boundary seems reasonable beneath a ridge, where the partial melting
and the elevated temperature are likely to deoouple the surface plate motions
from those of the mantle below. Since d is a rigid boundary and c is not, there is
a discontinuity in vorticity ‚where they meet. The same arguments as before
apply to the Choice of L2, which was taken to be 2.
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Though the model outlined above is obviously an approximation t0 the full
mantle circulation problem it is nonetheless a self-consistent convective model
(except in the corner region near the trench where the Singularity is present).
Hence within the limitations of our model we take full account of all fluid
dynamical forces. The unusual form which some of these forces take arises
because of mass transfer across boundaries h and c in Figure 1 and the work
done by other moving boundaries. It is important to emphasize that these forces
are not artifacts of our particular model and that exactly the same forces are
found in a continuously deforming material if one isolates particular parts of the
system.

3. Forces

Resistive Forces

The results of the calculations using the model in Figurel are shown in
Figures 4—8. The ridge models in Figure 4 have a variable width of boundary on
which the vertical velocity is non-zero and given by (20). Since the plate
thickness is small compared t0 the thickness of the layer, flow which is driven by
the mass flux across the boundary is weak compared with that driven by the

(a)

(b) (c)‚ a’= Vs ‚ a’= '/4
Fig.4a—f. Ridge models with a plate AP‘ 'rr ‚

+‘ AP‘ F ‚
‘—

moving t0 the left with u;= —1 for 30-53“: ITXd’:9‘96 |8-78'I [sdx’=8.88
various values of a’. The width of the 305|? '8‘78'i
region is twice the depth. 51;” dx’ is the 305,21* B781
dimensionless force/unit width which (d) 0/: I/ (6) 1:1. . . / 2 / O
res13ts the motlon of the plate. A p’1 lS AP1 F <— AP1 ‚Z__t.-...............
the dimensionless pressure difference |3‚0|4 [Tx’z dx’ =7.55 850-: [Tx’zdx’ =5.33
between points at depths of ä, ä, and ä, I3‚OI-: 8.53-l
and the ridge axis at the top right. (f) I3.0I-1 855-:
ShOWS the resistive force and pressure '

(f)
l

drop of the corresponding interior
AP1’

r ._
solution. The vertical velocity imposed IV [13‘2d 8.84
on the dotted boundary is given by (20). |3.68'The contour interval for 50’ in (a) is :
0.022 and t’=4.5/32 1* L__.—__.J
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Fig.53—d. Trench models, symmetric aboot the [oft
hand boundary, with a sinking slab moving vorti«
cally with u;= —l and the plate moving horizon-
tally with u; = — 1. The region extends a distanoe of
1.5. The mass flux through the tip of the slab and
through the right hand boundary is Vt/2. IIÄCZ dx'
is the force/unit width resisting the plate motion,
excluding the part to the left of the dotted line
within 9/64 of the corner singularity. für: dz' is the
force/unit width acting on one side of the sinking
slab, excluding the part above the dotted line.
{p} dx’ is the force/unit width due to the pressure
difference between the right hand edge of the

(d)
region and the tip of the slab. The forcelunit width
acting on the dotted line is 1.10 and is a driving,
not a resistive, force. lt is not inoluded in the force
balance calculations. The contour intervals for
stream lines in (l) is 0.022, and the slab extends to
a depth of ä in (b), ä in (c). and ä— in (d)

+1
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"h“; I
fIdzüSAB :
ipidx!=||.44 g

horizontal plate motion. Hence the major upwelling does not occur beneath the
ridge axis but where the boundary condition Changes to fixed horizontal
velooity. The various models for a ridge in Figure 4 should be compared with
the oorresponding interior solution (Fig. 4D. Only those models with a total
width of prescribed upwelling smaller than ä have significantly greater resistive
forces than those of the correSponding interior solution. There is at present no
information about the half width of the region below the ridge axis where the
viscosity is strongly reduced. It is not even known whether this region is limited
to the ridge axis or extends beneath all plates and decouples their motion from
that of the mantle below (see section 4). This ignorance suggests that it is at
present unnecessary t0 use anything more sophisticated than the interior so-
lution when calculating the resistive forces near ridges.

The forces near trenches are considerably more complicated. The simplost
model consists of a slab sinking vertically with velocity ——1 (Fig. 5). The resistive
force [rgzdx' which acts on the horizontal plate is infinite if evaluated from the
point in contact with the sinking slab. A5 explained in the last section, this
corner region was excluded from the calculations (Fig. 2). The remaining force is
slightly less than the corresponding interior solution for a plate of width 1.5. The
force aoting on the dotted line in Figure 5 is a driving foroe of small magnitude
(1.10). It was not included in the force balances because it is not a true source of
work, but results from the exclusion of the singularity. The force acting on the
side of the sinking slab [I’Hdz’ also is infinite if integrated from the oorner. but
onoe again this region is excluded. Since large velocity gradients occur when the
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tip of the sinking slab approaches the lower boundary of the layer, the
magnitude of this force depends strongly on the length of the sinking slab.

The most important force F1; acts on the tip of the sinking slab and involves
the perturbed pressure p’l.

t,
F1;

zg
p’1 dx’

The origin of p’1 was chosen to be the ridge axis. It is convenient to divide p’1
into three contributions: the first due to the flow in Figure 4, the second due to
the interior flow and the third due to the flow near the trench. Only the third
contribution is shown in Figure 5. If the plate width is greater than 1.5, a term
due to the interior flow must be added. F1; represents the work that must be done
to transfer mass from the tip of the slab to the ridge axis. It is not present if the
slab and plate have no thickness. It is clear from the numbers in Figure 5 that, even
without the contribution from the interior, Fp’ is greater than the shear force on
the vertical boundary of the sinking slab. Within a convecting fluid the same
result holds: the pressure considerably exeeeds the shear stress (McKenzie,
1977). This result is only apparent if p’1 is calculated, whieh it rarely is.

Besides the fluid dynamical forces acting on the bases and edges of plates,
forces act on the faults Which form plate boundaries. These forces can be divided
into two components, one in the plane of the fault and one normal to it. The
first component is involved in the generation of earthquakes, and most of the
information about its magnitude has been obtained from detailed investigations
of the radiated seismic waves. Studies of a number of large earthquakes (Ka-
namori, 1970a, 1971; Wu and Kanamori, 1973; Fukao, 1973) have shown that
the difference between the initial and final stress is between 2 >< 106 and 5 x 106
newtons m’z. There is at present no evidence that either the stress or the stress
drop depend on the type of plate boundary involved. On ridges the earthquakes
produced by motion on both normal and strike slip faults are shallower than
10 km (Weidner and Aki, 1973; Prothero et al.‚ 1976). Also on rapidly spreading
ridges, with plate separation rates of 60 mm yr’ 1 or more, earthquakes are rare
and small, and large normal faults are also absent. We will therefore ignore
frictional resistance between separating plates.

The importance of transform faults is less Clear. They are generally almost
vertieal, and those that have been studied in detail release little seismie energy
below 12 km. If the resistive forces were zero below this depth their contribution
to the foree balance could be ignored. Since, however, plates are more than
80 km thick the absence of earthquakes is unlikely to result from the absence of
stresses, but is more likely to be due to a change in the behaviour of deforming
rocks. If the stress on transform faults is 107 newtons m’2 and extends to a
depth of 100 km it could strongly influenee plate motions. Chapple and Tullis
(1977) ineluded a resistive force due to transform faults in their analysis of the
forces controlling plate motions, but found that its magnitude was too small to
be determined. We chose to ignore this contribution to the plate motions
principally because it ean only be introduced into a two-dimensional force
balanee model in an arbitrary way.
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In contrast to the forces from ridges and transform faults, those acting on the
thrusts beneath island arcs are probably an order of magnitude greater because
the dip on the faults is small. lf a shear stress o- acts on the fault whose dip is (l,
the resulting horizontal force F on the plate of thickness t is at/tanU in a
direction normal to the strike of the fault. Taking t=85 km and 0:107 newtons
m"2 gives F=4.8 ><1012 newtons rn‘l when 0:10o and F=2.3 x1012 newtons
m"l when 0:200. The magnitude of this force is independent of the plate
velocity and should be included in any force balance. This is easily done because
thc density variations near ridges produce a driving force FR of 2 x 1012 newtons
m" ‘ (see below) which balances the resistive force at trenches within the
uncertainty of both calculations. Hence neither need be explioitly included. This
convenient equality may, however, conceal the importance of these forces, since
both are large compared with those in the two layer model considered in
section 4. and the uncertainty in the value of F—FR is large. Since FR acts near
ridges and F on the thrust plane beneath island arcs together they keep plates in
compression. For the same reason plates surrounded by ridges must also be in
compression. Such a stress slate agrees with the limited observations available
concerning the stress state within plates (Sbar and Sykes, 1973; Rayleigh et al.‚
1972).

No information about the normal component of the force acting on faults
can be obtained from earthquakes, and nothing is yet known about its magni-
tude and importance, or even whether this component acts as a driving or
resistive force. Despite this ignorance there is some evidence (see Molnar and
Tapponnicr. 1975) [hat normal l‘orccs acting in somc contincntal rcgions do
control thc motion of somc largc platcs. Dcspitc this cvidcncc wo chosc to ignorc
such forces cverywhere. partly bccause their magnitude is unknown, and partly
bccause their importance depends on the shape of individual platcs.

1n Figurc 5 thc platc and thc slab movc with thc samc velocity. This is a
sensible model to usc il' the slab and plato arc conncctcd and stress can bc
transmittcd l'rom onc to thc othcr. Howcvcr, rcccnt work on carthquakes
produccd by normal laulting within thc platc and slab strongly suggcsts that thc
l‘aults cxtcnd through the platc (sce McKenzic and Weiss, 1975). lf all platcs arc
brokcn in this way. any strcss transmission that occurs must do so either by
l‘rictional l‘orces within lhc platc and slab or by viscous l‘orccs acting on thcir
boundarics. 1n thc abscncc ol‘ the sinking slab thc rcsistivc forcc on the platc ol
longlh 1.5 would bc 6.63 (1*‘ig. 41) and i1 is clcar 1mm Figurc 5 that a slab sinking
with vclocily ——1 has littlc cl'l‘cct on this l'orcc. ll' viscous l‘orccs arc to lransmit
lhc l'orcc, thc slab musl sink l‘aslcr than -1. Sincc thc mass llux is l‘ixcd. thc slab
can only sink l’astcr il‘ its thickncss is lcss lhan t. Figurc 6 shows thc l‘orccs acting
when thc slab sinks al -—2 and is half thc lhickncss ol‘ the surl'acc platc. Thc
l'orcc rcsisting lhc platc motion is rcduccd but it not negative. cvcn though thc
widlh ol' thc platc in Figurc 6 is only 1()()()km. Clcarly considcrably largcr
sinking vclocitics arc nccdcd il' platcs lhc sizc ol' thc Pacil'ic arc lo bc movcd hy
viscous l‘orccs. Bccausc mass must bc conscrvcd. largcr vclocitics rcquirc lhinncr
slabs. and it is nol obvious how a platc czm bccom‘ a lhin rapidly moving slab
al shallow dcpths hcncath a. trcnch.
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cooled plate is e, the density of sea water is pw, then the pressure P; beneath the
ridge axis at a distance z above the base of the plate is

Pi =(pm-pw)g(r+e—z) (21)

When the plate has cooled and a linear temperature gradient has become
established between the mantle and the sea floor, the density within the plate pp
increases linearly with z:

pp=pm—pw+ßz (22)
where ß depends on the thermal expansion coefficient. Integration gives I32, the
pressure beneath 01d sea floor

gßP; =g(p‚„—p.‚„) (r—z) +7a2 —22). (23)
Since the ridge is taken t0 be in hydrostatic equilibrium P1 =P2 when 2:0. Thus

ß =2(pm-pw) B/tz- (24)
We can now obtain the driving force due t0 ridge pushing by integratinn
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t+e t

FR= j Pldz—JPZdZ
0 o

=ge(pm-pw)(—;-+—:—>

Only a small part of this force arises from the tendency of the plate t0 slide
down the sides of the ridge. If the uplift of the upper surface is prevented by
applying normal forces, the pressure still exerts a force F2 where

(25)

t
3 (26)

t t

F2=llädZ-ldz=ge(pm—pw)
O O

F2 originates from ridge pushing and FR ——F2 from plate sliding. Substitution from
table 1 gives FR=2 ><1012 nm‘ 1 and FR—F2 =1011 nm‘ 1, and therefore most of
the force is due t0 ridge pushing. The estimate of FR is probably accurate t0
Within a factor of 2, and corresponds t0 a shear stress of 1.2 x 107 nm‘z. Except
in rare cases oceanic plates d0 not fail under this stress, Which therefore places a
lower limit on the shear strength of the oceanic lithosphere.

Tablel

t =85km T1 =1200°C
e =3km oc =3x10'5°C‘1
pm =3.3Mgm‘3 Cp =1.2><103Jkg‘1°C‘1
pW =1.0Mgm'3 k =3.1Wm‘2°C’1
g =9.8ms“2 d =615km

The other source of convective energy results from density contrasts as-
sociated with trenches. The most important is undoubtedly the density contrast
between the sinking slab and the surrounding mantle, and its magnitude may be
estimated from the thermal structure (McKenzie, 1969).

8gocp Tlt2 7:2 Z 7c d
F —__——_—._rn—__ _—__ _ ____42) n4 R eXp 2Rt eXp 2R t (27)

where

p C VtR=————'”P 282k l )

oc is the coefficient of thermal expansion, T1 the temperature difference between
the bottom of the ocean and the mantle, z the depth below the base of the plate,
k the thermal conductivity and Cp the specific heat. Substitution gives R = 1.7 V
where V is in mm yr‘ 1. Assuming that the slab sinks vertieally, the total driving
force Ft(0) is plotted as a function of V in Figure 9. When V is small
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consumption velocity V, obtained from

_1 (27). The horizontal dashed line shows
V mm W the asymptotic limit as V—+ oo

( 210 mm yr’l) the last term in (27) may be neglected, and E(O) increases
linearly with V. Under such conditions the temperature of the slab’s interior has
become approximately T1 when it reaches the base of the upper mantle. If,
however, V is large then (27) may be written

4 TtE=_Efl%—L4d—n 0%

and is independent of V. The expression is appropriate when VS“ 40 mm yr‘1
and the slab sinks with little increase in temperature. Figure 9 shows the
maximum force available from a sinking slab. When the slab reaches the base of
the upper mantle at a depth of 700 km, we are assuming that the cold material
must flow horizontally and does not contribute to E. The force actually exerted
will be less because the slab does not remain intact as it descends, but breaks up
into blocks. The motion between these blocks produces intermediate and deep
focus earthquakes. Studies of the stress involved in such shocks (Wyss, 1970;
Wyss and Molnar, 1972; Fukao, 1972; Mikumo, 1972) have found some
evidence that intermediate shocks may involve somewhat larger stress drops
than either shallow or deep earthquakes. However, we are only concerned with
the force which can be transmitted to the plates, and hence with the stress within
the shallow part of the slab beneath the front of the island arc. We will therefore
impose an upper limit of 2 >< 107 newtons m’2 on the stress within this part of
the slab. In the absence of resistive forces it is clear from Figure 9 that this stress
will be exceeded in slabs sinking faster than about 3 mm yr‘ 1. The consumption
rate in all major trench systems is greater than this limit, and therefore failure of
the sinking slabs may occur. Whether or not it does so depends on how the
buoyancy forces are balanced by resistive forces.

These two contributions to the driving forces are generally recognized and
easily calculated. Two others are not. Probably the most important of these
results from large-scale flow which is not driven by plate motions. At present the
only evidence for the existence of such flow comes from long-wavelength
gravity anomalies determined from satellite motions (Gaposchkin, 1974; Lerch
et 211., 1974). As explained above, flow associated with these anomalies may
make a large contribution to the perturbed pressure field and the Viscous
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stresses. The other driving force which could help maintain the motions results
from the topography of trenches. A driving foree may arise in the same way as
that at ridges. Because mantle rock is replaced by water the lithostatie pressure
at all depths is reduced by (pm—pw)gH where H is the depth of the trench.
However, unlike ridges, trenches are not isostatically compensated and must be
maintained by elastic forces. Unfortunately, very little is yet known about the
distribution of these stresses. It is not even clear whether any of the pressure
reduction is available to drive the plates. Therefore this possible energy source
or sink is also negleoted.

v

4. Observational Constraints and Force Balance

Gravity

If the model discussed in section 2 is to provide a useful description of the large-
scale flow it must be oompatiable with relevant geophysical observations. Since
the only major uncertainties are the value of the viscosity and its variation with
depth we use the observational constraints to impose constraints on the vis-
cosity.

The simplest constraint to apply depends on the absence of large long
wavelength gravity anomalies. The gravity anomaly produced by the flow in
Figurel is complioated and difficult to calculate near the ridge and trench
regions where large horizontal density contrasts must exist and elastic forces
are important. In the interior region, however, the gravity anomaly should
increase linearly towards the trench, and is produced by the horizontal pressure
gradient (see Eq.(16)). Hence we can impose a bound on the visoosity by
oonsidering the horizontal gradient of the gravity field across interior regions of
plates remote from their boundaries. The long wavelength pressure gradient will
“tilt” the sea floor because the plates are thin and flexible. The observed
difference in gravity between trenches and ridges is less than about 0.3 mm 5—2
and is positive over trenches. Since the return flow should produoe an anomaly
which varies linearly between trenches and ridges, whereas the observed field

. consists of a positive anomaly centered on the trenches whose extent is only a
fraction of that of the plate (Gaposohkin, 1974; Lereh et al.‚ 1974), this value is
probably an upper limit. To obtain the magnitude of the gravity anomaly from
the expression in section 2 we need the horizontal extent and velocity of the
plate. In the disoussion below we will eonsider two plates. The first, plate A,
moves at 100 mm yr"1 and has a lateral extent of 104 km. These values
are oomparable to those of the Pacific plate. The second, plate B, moves at
50mm yr‘1 and has an extent 6000 km. These values resemble those for the
Indian-Australian plate. If the visoosity of the mantle below the plates is
oonstant, then the upper limit on the viscosity and stress on the base for the two
plates is

r[/1210191<gS—1m_1‚ 0/12’2.6><105newtonsm‘2
2 (30)173%“ 3.3 ><1019 kg s“ 1 m" 1, 0325.2 x105 newtons m’ .
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If, however, there is a thin layer of very low Viscosity material beneath the
plates (Appendix) then the horizontal pressure gradient required to drive the
return flow is much reduced and the oorresponding expressions are

„A219x1020, „326.4x102°(kgs-1m—1) (31)
from (14) and (16). The shear stress on the base of the plates is also greatly
reduced in both cases.

There are several objections to using the gravity field from our simple model
to obtain an upper limit on the allowable Viscosity. The most obvious is that the
sign of the gravity anomaly obtained in seotion 2 is opposite to that obtained by
MoKenzie et al. (1974). Since the model we use here contains no buoyancy
foroes within the fluid whereas the numerioal models used by McKenzie et al. do,
the disagreement in sign could be due to such foroes. If this were the case no
limits such as (30) and (31) could be obtained. Fortunately this is not true.
Recent eonvective calculations by McKenzie (1977), using a temperature de-
pendent Viscosity‚ have shown that the sign of gravity anomaly over a rising
region changes from positive to negative when the Viscosity variation is suf-
ficiently large. This Change in sign results from a Change in sign of the horizontal
gradient of pl. The model used here contains a plate at the surface, rather than a
high Viscosity region, but is otherwise similar to the convective models. There is
therefore no reason to suppose that buoyancy forces and density variations in
the mantle invalidate the limits (30) and (31).

The argument above depends on the mechanical behavior of the lower
boundary of the conveoting region. This question has been discussed above in
section 2. If the lower boundary cannot be deformed vertically or is a phase
change, then (31) applies. If, however, the lower boundary is deformable, then
the long wavelength gravity anomalies are compensated (McKenzie, 1977) and
only the elevation differenoes limit n. Unfortunately most of the variations in
bathymetry are produeed by variations in the temperature of the plates and thus
a large and uncertain correction must be applied to obtain the dynamic
variation produced by dpl/dx (Parsons and Sclater, 1977). Though the thermal
models fit the observed variation of age with depth to within the observational
errors, the models were construoted to do so. Since Parsons and Sclater could fit
the observations from all major ocean basins with a single curve of depth as a
function of age, it seems unlikely that the return flow can produce more than
about 1km variations in depth not associated with gravity anomalies. If this
rather uncertain limit is used to obtain estimates of the Viscosities from (15) we
obtain

171423.5 x1019kgs‘1m‘1, 0/1287x105nm—2
N 32nB<1.2x1020kgs-1m—1, 0321.5x106nm—2 ( )

if there is a single layer, and

nA26.1x1020‚ 17322.1x1021kgs—1m‘1 (33)

if there is a low Viscosity layer beneath the plates.
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Fig. 10A and B. Force balance diagrams for plate A, 10,000 km long (A), and plate B, 6000 km long
(B) in units of 77 V, all for the asymmetric models in Figure 7 and constant viscosity. The vertical scale
on the left shows the dimensionless depth to which the slab reaches beneath the treneh. The
horizontal line extending to the right from the tip shows the resistive force due to the local pressure
field within a distance of 1.5 from the trench, marked T, and that due to the interior pressure,
marked I. The curved line drawn from the tip of the slab to the surface indicates the shear force
exerted on the sides of the sinking slab integrated upwards from their base. Their magnitude is
correct but the depth dependence is sketched. The horizontal lines at z’ =0 show the total horizontal
resistive force acting on the base of the plates due to both the region near the trench and the interior.
The interior force includes both fv and f8 (Eqs. (17) and (18)). For the two cases where the tip
extends to z’ =0.5 these two contributions are marked T and I. The gravity force due to the slope of
the surface has been included in I. The oblique straight lines show the integrated buoyancy and must
close the diagrams. The reciprocal of their slopes correspond to the buoyancy foree in units of n V
exerted by a constant density contrast between the sinking slab and the surrounding mantle which
are necessary to maintain the plate motions. The slab will be subject to extensional stress at those
depths where the integrated buoyancy 15 greater than the cummulative resistive force up to that
depth. When the integrated buoyancy is less than the cummulative resistive forces, the slab will be in
downdip compression. The continuous line shows the forces for z’:0.5, dashed for z’=0.75 and
dotted for z’-—-0.875

Force Balances

All other constraints we impose depend on the balance between resistive and
driving forces, and are most easily understood using a force balance diagram
(Fig. 10). Since forces due to the inertia of the mantle material are extremely
small eompared with the viscous forces, the forces driving the plate and slab
must exactly balanoe the resistive forces. Figure 10 shows the cummulative
resistive forces and the integrated driving force (buoyancy force) starting from
the bottom of the downgoing slab. Since the total resistive and driving forces
must be equal in magnitude, the two curves for each ease must form a figure
elosing at 2’: 1. Furthermore, where the cummulative resistanee exeeeds the in-
tegrated buoyancy, (near the bottom of downgoing slab) the slab will be in
compression. Where the opposite is true (nearer the surfaee) the slab is in
tension. These terms are somewhat misleading. Since all prineipal stresses are
everywhere negative the failure is always a shear failure. When the slab is in
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Fig.ll. Summary of the stress state within sinking slabs (Isacks and Molnar, 1971). Open (closed)
circles represent zones where the P(T) axis of the fault plane solutions is approximately coincident
with the dip of the sinking slab, described as compression (tension). Crosses mark solutions which
showed n0 simple relationship between the stress state and the slab geometry. Continuous curved
lines represent the shape of the seismic zone. The upper horizontal dashed line at a depth of 350 km
marks the approximate depth below which the slabs are in compression; n0 earthquakes have been
recorded at a depth greater than that of the lower dashed line

tension shear failure permits it t0 lengthen, whereas when it is in compression it
must shorten if a shear failure occurs. Most models of island arcs assume that
the slabs move with the same velocity as that of the plate being consumed,
despite the existence of intermediate and deep focus shocks. It is, however, hard
t0 exclude major variations in velocity associated with slab deformation, and we
have therefore considered models in which part or all of the sinking slab sinks
with greater velocityf

The pressure forces acting on the slab tip consists of two parts. The first,
marked T in Figure 10, results from the local flow near the trench. The second,
marked 1, is due t0 the interior flow. Since the second contribution is inde-
pendent of the depth t0 which the slab extends, and depends only on the
distance between the trench and the ridge, the lower part of the slab must
always be in compression. When the slab approaches the base of the layer the
local contribution becomes very large and may exceed the buoyancy force of the
entire slab. Under these conditions the plate will be in compression at all depths.

Fortunately it i5 possible t0 use fault plane solutions of earthquakes within
the sinking slabs t0 discover whether they are in tension or compression.
Figure 11, from Isacks and Molnar (1971), ShOWS the extent and the stress state
of most known slabs. It ShOWS that slabs whose tips d0 not reach below a depth
of 350 km are in tension throughout most of their length. Though few mecha-
nisms are available from close t0 the tips of these slabs (Fig. 11), they must
always be in compression. If the tip of the slab extends deeper than 350 km, but
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less than 600 km, then the part above 350 km is in tension, that below in com-
pression, whereas if the tip extends below 600 km the slab is in compression
throughout is length. The force balance diagram must satisfy these constraints.
The observations from the Kermadec and Kurile Arcs (Fig. 11) suggest that the
lower 150 km of the slab are in compression. This value will be used for plate A,
since the return flow from these two arcs must extend t0 great distances. Other
arcs, such as Middle America where all the solutions are tensional, have
correspondingly shorter return paths. Other arcs with slabs, such as those
beneath the Aleutian and Ryukyu Islands, extending t0 a similar depth t0 that
beneath Middle America have longer portions of the slab in compression,
suggesting that the difference is not due t0 depth of penetration alone. One
further condition we impose is that pieces of the slab should be able t0 fall
through 600 km driven by their own buoyancy. In all but one case the existence
of detached blocks gives little information because the consumption rate in the
past is unknown. The sole exception is New Zealand, where the consumption
rate is known from the magnetic anomalies on the Pacific-Antarctic and
Southeast Indian Rises. The mean rate over the last 10 My is about 100/0 less
than the present rate (Molnar et al., 1975). Beneath the North Island of New
Zealand the sinking slab is continuous t0 a depth of about 300 km, then there is
a gap, followed by a few shocks spread over 50 km at a depth of about 600km
(Fig. 11). It is only possible t0 form such a structure with little variation in
consumption rate if small blocks can sink through the mantle below a depth of
300 km at velocities greater than the rate of 30 mm/yr at which the slab has been
sinking (Christoffel and Calhaem, 1973).

A One-Layer Mantle

If the sinking slab extends t0 a depth of 630 km and the buoyancy forces (from
Fig. 9) are balanced by Viscous f0rces, then the viscosity can be obtained from
the force balance diagrams in Figure 10. That for plate A gives

„A25 ><1019kgs_1m‘1

and plateB

17821.6 x1020kgs‘1 m’1

The mean stress 0 acting on the sides of the sinking slabs is

(5122.8 ><106 newtons m—2
03244 ><106 newtons m‘ 2

and that on the base of the plates is

0A: 1.3 ><106 newtons m—2
08220 ><106 newtons m—2
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It is, however, improbable that these values are sensible. The model requires
large forces t0 be transmitted through the lithosphere beneath the trench. The
stress involved is easily obtained from Figure 10, and is about 1.8 ><108
newtons m“2. Since the lithosphere appears t0 be broken by normal faults in the
region where it bends beneath the island arcs, this stress must be transmitted by
friction. Since there is little evidence in favour of such large stresses being
involved in earthquakes (see section 3) it seems more sensible t0 limit the stress
t0 some value, and we choose 2x107 newtons m—2 and then use the scaled
dimensionless forces in Figures 4a and 7 t0 obtain the value of the Viscosity
which will allow the plate t0 move. This balance gives

77,4255 ><1018kgs"1m_1 01421.4x105 newtons m‘2
1113:1.8x1019kgs’1m_1 03:2.4x105 newtonsm’2

which are shown in Figure 12. Since the total force on the plates must be zero
these are estimates, not upper or lower bounds. Since the slab is broken and
does not move with a uniform velocity we can n0 longer use the simple models
t0 examine the total force balanee. Under these eonditions the buoyancy of the
sinking slabs must be balanced locally by the pressure and shearing forees but
these resistive forces cannot be estimated unless the velocity variation is known.

Figure 11 shows that the bottom 150km of the slabs beneath the Kermadec
and the Kurile arcs is in compression. The consumption rates are both around
80 mm yr‘ 1, and their bases are at 550 km and 620 km respectively. If we
assume that the sinking rate is equal t0 the consumption rate we can use
Figure 10 t0 obtain

1731.1x1020 kg s‘1 m‘l, 038 ><106 newtonsm‘2

for the Kermadee Arc and

1 27735x1019kgs’1m" ‚ aS’öxlOönewtonsm‘

for the Kurile Arc, where the stresses refer t0 the mean shear stress on the sides
of the lower 150 km of the plate.



|00000475||

Simple Plate Models of Mantle Convection 463

The last limits come from the existence of detached blocks. If we use the u; z
—2 case with V=15 mm yr‘1 and require a block 150 km long t0 fall with a
velocity of at least 30 mm yr“ 1 (see above and Fig. 8), we require:

n24 >< 1020 kg s’ 1 m” 1, 021.1x107 newtons m‘2

This value of the Viscosity is considerably greater than that obtained by
Christoffel and Calhaem (1973) for New Zealand because they required the
block t0 sink at 100 mm yr‘ 1 and be only 60 km in length.

The limits shown in Figure 12 are quite obviously incompatible. The Vis-
cosity required varies by two orders of magnitude. If the ereep rate is a non-
linear function of stress when the stress exceeds a certain value, estimated t0 be
about 10 newtons m‘2 (Stocker and Ashby, 1973; Weertman, 1970) the problem
becomes worse, since the effective Viscosity is a decreasing function of shear
stress, whereas Figure 12 requires the opposite. The only reasonable explanation
for the failufe of the model is that the viscosity of the mantle‘ is not constant but
increases with depth. The simplest model is then one which contains two layers,
an upper layer with low Viscosity which allows the plates t0 slide and a lower one
of higher Viscosity. Unfortunately two parameters are required t0 describe such
a model, and for this reason it is n0 longer possible t0 obtain dimensionless
forees valid for all Viscosities as was done for the one layer model. Instead of
carrying out extensive calculations with a wide variety of two layer models we
chose t0 obtain approximate expressions for the forces on sinking slabs from
the one layer calculations and only carry out a complete two layer calculation
for the interior flow, where analytic expressions can be obtained. The estimates of
the forces acting on the sinking slabs are little affected by the presence of a thin
low Viscosity layer.

Two—Layer Models

We consider two models‚ model C has an upper layer 85 km thiek, and in model
D it is 8.5 km thick. Both can satisfy the Observational constraints, though a
model similar t0 C seems t0 us more plausible. We first estimate the Viscosity n2
of the lower layer assuming that n0 stress is transmitted through its upper
surface, and then discuss the likely range of the viscosity of the upper layer.

Models of this type with thin low viscosity zones beneath the plates have
been suggested by several authors (Andersen, 1962; Green, 1972; Wyllie, 1971)
who believe the uppermost mantle t0 be partly molten. The existence of a fluid
phase insufficient by itself t0 lower the viscosity. If, however, the liquid phase is
in equilibrium with the solid, mass transfer may oceür through the fluid and in
this way dramatically lower the Viscosity.

If the resistive forces are required t0 balance a total buoyancy of order 2
>< 1013 newtons m’ 1 (Fig. 9), then

n’SSXIOZOkgs—1m‘1 031.1x107 newtonsm’2

for the Kermadec slab and
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for the Kurile slab. The values of n are somewhat larger than the one layer
values principally because of the stress free condition which causes the contri-
bution of the interior flow to p1 to be small. The falling block gives values which
are little affected by the free upper surface. These values are plotted in Figure l3
and are in substantial agreement with the value obtained from post-glacial
uplift. It is not at once obvious why these values should agree. Clearly if the
Viscosity of the upper layer is sufficiently small the ice load will be compensated
by movement of material within the upper layer (see Appendix) and produce a
periferal bulge around the load. If this is not to occur then 772/1712104 for model
C and 2’ 106 for model D. If, however, the above conditions are satisfied the low
Viscosity layer may become extremely hard to detect, especially when it is overlain
by an elastic plate (Peltier, personal communication). The only effect of the upper
layer is to alter the boundary condition on the upper surface of the lower layer.
In the absence of a low viscosity layer the tangential velocity due to the ice load
must vanish at the base of the plate, whereas when a low viscosity layer is
present the shear stress vanishes instead. However, if the lower layer is a half
space, both boundary conditions are satisfied by a stream function

Iß=c(kz—1)ekz sin kx

where c is a constant, and k is the wavenumber, and therefore post-glacial uplift
cannot distinguish between the two boundary conditions‚ and in both cases
determines the Viscosity of the lower layer.

The other apparent difficulty involves the rigid boundary imposed at a depth
of 700 km. Peltier and Andrews (1976) could not account for the post-glacial
uplift without permitting flow to occur below this depth. If, however, the rigid
region is as thin as McKenzie and Weiss (1975) believed, it would not influence
the surface motion but would still prevent the return flow penetrating the lower
mantle.

The Upper Layer

We wis’h the upper layer to decouple the plate motions from the motions below,
but it must not channel the horizontal flow. If it did so this would be apparent
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in the post—glacial uplift observations. Another observation which excludes this
possibility is the observed correlation between the depth of the ocean and
gravity anomalies (Sclater et al.‚ 1975). If normal stresses could not be transmit-
ted to the base of the plate then its upper surface would be an equipotential after
the age corrections had been made. Since the ocean surface is an equipotential,
the corrected depth would be constant (McKenzie, 1977). This is not the case.
Therefore the Viscosity of the upper layer must be sufficiently small to decouple
the plate motions from the lower layer, but large enough to prevent large
horizontal mass fluxes within it. These conditions cannot be satisfied if the layer
is much thicker than 85 km. The limits for model C are

2 x102?“ 172/171 2’ 103

and for D

1032712/1112’105.

If we take 172 to be 2.5 x1020 kg m‘1 s—1 and 111 =5 x1017‚2.5 ><1017 for models
C and D, respectively, we satisfy these two constraints. Using the expressions in
the Appendix, and inoluding the sliding force we find that the force required to
maintain the surfaoe plate motions corresponds to stresses within the plates at
island arcs of

0/1226 >< 107 newtons m"2
0327.9 x106 newtons In"2

in model C for the two plates and

01423.2 ><107 newtons In—2
0329.7 ><106 newtons m—2

for model D. It is therefore possible to maintain the plate motions by frictional
forces transmitted across faults, and also to provide enough resistance to permit
the upper part of some sinking slabs to be in tension. One further condition
must be satisfied. There is no evidence that the heat flow through old parts of
plates depends on the spreading rate, and therefore shear stress heating should
not make an important contribution to the surface heat flux. The total contri-
bution from this source for plate A using model C is about 8 >< 10’4 Watts m”,
and for model D is about 7 ><10_4 Watts m’z. Both are less than 2% of the
surface heat flux. It is clear from this discussion that the difficulties faced by a
one-layer model are removed if a thin low viscosity layer is present beneath the
plates.

5. The Driving Force for Plate Motions

In the last section we have argued that geophysical observations require a large
contrast in viscosity within the mantle. A high Viscosity lower layer is required
to account for the post-glacial uplift data and for the fault plane solutions for
deep earthquakes. However, unless the surface motions are decoupled from this
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lower layer by a low viscosity region, long wavelength gravity anomalies or
residual depth variations are produced whose magnitude is about two orders of
magnitude larger than those observed. We argued that a model with a thin low
viscosity layer beneath the plates could reconcile the differences between the
different esti‘mates of viscosity, but it is also important to discuss whether the
model is compatible with the extensive knowledge of plate motions.

The two plate models considered above both contain sinking slabs, and
therefore buoyancy forces from density contrasts beneath trenches are available
to maintain the motions. For this reason these models Closely resemble that of
Elsasser (1969), who suggested that this buoyancy force could drive all observed
motions. One of the principal objections to this idea was that many large plates,
such as Eurasia, America, Africa and Antarctica are in relative motion
(McKenzie, 1969). At first sight this objection is overcome by the convective
forces available from ridge pushing. Unfortunately such forces are available only
if spreading is already taking plaee, and therefore they cannot break an existing
plate. Since it seems likely that the separation of both North America and
Eurasia and of South America and Africa started when no large sinking slabs
were attached to any of these plates, another source of work is required. One
possibility is that the decoupling layer is absent beneath shield regions, and
hence that continents are strongly coupled to flows in the mantle. Another is the
sliding force discussed in section 2, given by Eq. (18). This force exists because
convection in the lower layer lifts the plate on top. Solater et al. (1975) showed
that parts of the North Atlantic were up to l km shallower than expected from
their age. Even when shear stresses do not act on the base of the plates, such an
elevation produces a stress of about 2.3 >< 107 newtons m‘ 2 which is comparable
to that expected from a sinking slab. Large positive elevations exist in the North
Atlantic and South West Indian Ocean which could maintain the relative
motions of North America, Eurasia, Africa and Antarctica, but it is less easy to
understand why the South Atlantic is spreading faster than any of the other
ridges between non—subducting plates. Either mechanism can account for the
formation of new plate boundaries, since the stress involved is comparable to
that involved in earthquakes.

It is encouraging that there do not appear to be any major conflicts between
the simple models considered above and the geophysical observations. One of
the few obvious problems is in the Eastern Pacific, with the Cocos plate. The
distance between the two ridges and the Middle America trench is only about
1000 km, and therefore the pressure difference required to drive the return flow
is much less than that for large plates such as the Pacific. Probably for this
reason the sinking slab beneath Central America is in tension. Despite the lack
of resistive forces the Cocos plate does not appear to be accelerating as the
length of the sinking slab increases. Any such acceleration would show clearly
on the magnetic profiles across the Galapagos Rift. Perhaps the explanation is
that the buoyancy of the sinking slab is smaller than elsewhere because the plate
now being consumed is relatively young and warm.

The two-layer model implies that the velocities of plate motion are consider-
ably greater than those within the lower layer. If melting spots are the surface
expression of structures in the lower layer then their relative motion should be
slow compared to the plate velocities, as Minster et al. (1974) have demon-
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strated. Therefore this model is consistent with the Observations that Morgan
(1971, 1972) has argued require the existence of plumes of hot rising material
extending t0 greater depths.

'

Our models have various important shortcomings which prevent them from
being used for detailed calculations using the observed plate geometries. We
have assumed that all the motions are two dimensional, and obviously the
observed motions are strongly three dimensional. We have taken all slabs t0 be
vertical and t0 be stationary with respect t0 the lower boundary of the fluid
layer. Since the buoyancy force normal t0 a dipping slab must be balanced by a
pressure difference across the slab, non-vertical slabs make a large contribution
t0 the pressure field. Relative motion between the slab and the lower boundary
must also make an important contribution t0 the pressure field. Perhaps realistic
calculations Will be possible‚ though they will not be straightforward because of
resolution problems. Hager and O’Connell (1977) have recently calculated the
three-dimensional flow in the earth’s interior which is consistent with the ob-
served surface velocities‚ but they take n0 account of the contribution that the
sinking slabs make t0 the flow through their rigidity and their buoyancy. It
seems likely that both effects are important.

Conclusions

The most important result we have obtained is that several uncontroversial
geophysical observations combined with an idealized model of plate dynamics,
impose important constraints on the form of mantle convection. In particular a
constant Viscosity mantle is ruled out by the magnitude of the long wavelength
gravity and residual depth anomalies and the stress state within the sinking
slabs. H0wever, a model with two layers of widely different Viscosity can satisfy
these and other observations, but only if the viscosity of the upper layer is a
factor of about 500 less than that of the lower. Furthermore, the thickness of the
upper layer cannot be greater than about 100 km, and may be thinner. Despite
the decoupling which such a low viscosity region produces, mantle convection
can maintain plate motions and form new plate boundaries. Provided the upper
layer is thin, such a two-layer model does not appear t0 be in conflict with 0ther
observations such as post-glacial uplift, and has been in fact already proposed t0
account for isostasy (Fisher, 1881) and the attenuation of seismic waves (Ander-
son, 1962). The low Viscosity may be produced by a very small fraction of partial
melt believed t0 be present in the low velocity layer beneath the plates (Green,
1972)

Our investigation has demonstrated the importance of the pressure per-
turbation due t0 the flow. The pressure contribution controls the stress state
within the sinking slabs, the surface deformation and the gravity anomaly
associated with the return flow from trenches t0 ridges. More information can
be obtained about this pressure field from focal mechanisms of earthquakes
within slabs which extend t0 depths of 400 km or less (McKenzie, 1976).

Our model is consistent with the existence of two scales of flow within the
mantle. Because the plate motions are decoupled from most of the mantle
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below, the small-scale flow is more likely to consist of three-dimensional time
dependent motions than two-dimensional rolls. We have prinoipally discussed
that part of the large-scale flow which is associated with plate motions, but it is
not possible to maintain the observed long wavelength gravity anomalies by
such llow. A large-scale circulation not directly associated with the mass fluxes
generated by plate motions must also exist. The energetics and stability of this
flow are not yet understood, and can only be investigated by a model which
takes account of buoyancy forces within the fliud.

Our model is also consistent with the results of Forsyth and Uyeda (1975)
and of Chapple and Tullis (1977) who used the observed plate motions to
estimate the importance of a variety of forces driving and resisting plate
motions. Both pairs of authors found similar results: The large driving forces
due to the sinking slabs are resisted locally and are not communioated to the
plate which is being oonsumed. The form that this resistance takes differs in the
two models because the authors formulate the problem in slightly different ways.
Forsyth and Uyeda find that most of the buoyancy force is balanced by stresses
on sides and ends of the slabs. Chapple and Tullis do not allow for such forces
and find that the buoyancy force is balanced by forces between the converging
plates, and they then balance the reaction on the island arc by a local driving
force. All the other forces in both models are considerably smaller, a result
which requires decoupling of the plate motions from those of the mantle below.
However, neither model was ooncerned with the physical processes which
produoed the resistive forces. The agreement between our results and the two
models is very enoouraging, especially beoause our approach is so different.
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Appendix

The interior solution to the two-layer model shown in Figure 14 is easily obtained, though the
algebra is tedious. If d2 and n2 are used to reduce the equations to dimensionless form and

M=n2/111, r=d1/d2, t’=t/d2

then

dp’1_ 6{2t’(1+Mr)+(1+2r+Mr2)}
(A1)dx’— 1+4Mr+6Mr2+4Mr3+M2r4' '

When M —+ oo (A.1) becomes

dp’1_ 6(2t’+r)
dx’— Mr3

'

Hence

dp 6(2t+d)

d_xl=_‚71V____d_?__1_
(A2)



|00000481||

Simple Plate Models of Mantle Convection 469

*Ißt‘ f3
0.:" N

1Ln2 XFig. l4. Two-layer model with different viscosity v1
in each layer

Thus dpl/dx is independent of both n2 and d2 and hence the properties of the lower layer. This
behaviour occurs because the return flow occurs entirely within the upper layer, as can be seen either
by examining the mass flux or by comparing (A.2) with (l3). Hence this is not the limit correspond-
ing to (14) which allows the motion of the plate to decouple from that of the lower layer. T0 obtain
this limit we require M—> oo and r—vO, while Mr—+ oo and Mr2—+O giving

d
l

—p‘7 —» — 3 t’ (A.3)
dx

In this limit n0 stress is transmitted across the upper layer, but the return flow is restricted t0 the
lower layer.

The expression for the dimensionless shear stress 0’ on the base of the plate may be obtained
from (A.1)

{
ldpll

}/
0’: 1————‚—(Mr2+2r+1) (1+Mr) (A.4)

d

The fraction f of the return flow taking place in the upper layer is

ldp’1 22+Mr+———-‚Mr(3+4r+Mr) (A.5)
r

f=2t(1+Mr){ 6dx
The average dimensionless viscous dissipation (D; in the upper layer is

d
1 3

d
/

q5’1=M 133— B— pl /3r—pi (A.6)
dx’ dx’

and in the lower layer

dpi 3
/

dpidö’ = B —B3 3 A.72 {< + dxl> }
dx/

( )

where

1d ’
B= 1—-— p1(1—Mr2)}/(1+Mr) (A.8)

2 dx’

The dimensionless velocity u; at the interface is

1d ’
u;= 1+— p1Mr(1+r)}/(1+Mr) (A9)

2 dx’
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Tonga-Lau System:
Deep Collision of Subducted Lithospheric Plates

V. Hanus and J. Vanek

Geological Institute and Geophysical Institute, Czechoslovak Academy of Sciences,
14131 Praha4 — Spofilov, Boöni II, 1401 Czechoslovakia

Abstract. Deep collision of the presently subducted Pacific plate with aoti-
vated remaining parts of the buried Lau paleoplates was found on the basis
of a detailed investigation of the morphology of the Wadati-Benioff zone
in the Tonga region. The position of two centres of deep collision was
determined and the extent of activation of the Lau paleoplates was delineated.

Key words: Seismicity — Plate tectonics — Tonga island arc — Lau Ridge.

Introduction

The plate tectonic interpretation of the distribution of earthquake foci in the
Tonga region implies a complicated pattern of subduoted lithospheric plates
(Hanus and Vanäk, l978a). In this aspect the most remarkable feature seems
to be the deep collision of the recently subducted Paoific plate with buried
remnants of Lau paleoplates causing the highest deep seismioity in the world.
The aim of the present paper is to give a description of this new phenomenon
based on a detailed investigation into the morphology of the Wadati-Benioff
zone in the interacting Tonga and Lau systems of subduction.

Tonga System

For studying the morphology of the Wadati-Benioff zone in the Tonga region
the ISC data (Regional Catalogue of Earthquakes) for the seven years’ period
1967—73 were used. In some areas with low intermediate and deep seismioity
the ISC data for selected shocks from 1964—66 were also inoluded. The Tonga
region (l4°—27.5° S, 170° W—l78° E) was covered by a system of 22 sections
approximately perpendicular to the axis of the Tonga-Kermadec trench, the
scheme of whioh is given in Figure 1, see also Hanus and Vanek (1978a).

0340-062X/78/0044/O473/SOl .60
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Fig. l. Geographie scheme and position of sections used for the study of the Tonga-Lau deep
collision; the Tonga—Kermadec trench is denoted by a dotted line, active volcanoes by full triangles,
islands and submarine elevations associated with active volcanic chain by full circles, coral islands
and reefs with associated submarine elevations by open circles, centres NC and SC 01" deep collision
by dotted areas. Schema compiled on the basis of Cullen (1970) and World Map (1968)

From the sequence of the vertical sections, Showing the depth distribution
of earthquake foci in dependence on the distance from the trench, four sections
F5, A1, Y, and P1 are selected in Figures 2 and 3. The analysis of the complete
set of vertical sections (Hanu‘s’ and Vanäk, 1978 a) reveals that the complicated
geometry of the earthquake foci distribution is caused by an interplay of different
systems of lithospheric plates. If we omit the northern Closure of the Tonga
subduction zone, two different systems can be delineated: the presently sub-
ducted Tonga system including the plates T1 and T 2 in the east, and the
remnant Lau system composed of plates L 1 and L 2 in the west.

The wellndefined Wadati-Benioff zone T 1, representing the presently active
subduction of the Pacific plate, begins in the vicinity of the Tonga—Kermadec
trench and is divided by an intermediate aseismic gap into two distinct seismically
active parts (see Figs. 2 and 3). The gap appears t0 be spatially sonnected,
similarly as in the Andean region (Hanuä and Vanäk, 1976), with the occurrence
of active andesitic volcanism and can be interpreted as a zone of partial melting
in the subducted plate. The depth penetration of the zone T 1 changes along
the trench in a considerable range between 185 and 565 km.
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In most vertical sections a clearly separated group of deep earthquakes,
shifted eastwards in relation t0 the zone T1, can be Observed. In analogy
with our interpretation of deep Andean shocks (Hanuä and Vanäk, 19780)
this zone, denoted as T 2, is interpreted as the remaining active part of the
foregoing cycle of subduction. The shape of T2 itself and the existence of
isolated intermediate shocks (see, e.g.‚ Fig. 3) Show that the zone T2 runs
in an approximately parallel strip below the present Wadati-Benioff zone T l.
The bottom of T 2 reaches the depths between 495 and 690 km. The interpreta-
tion of the zone T 2 as a remaining active part of the foregoing cycle of subduc-
tion is strongly supported by the position of the extinct volcanic line appearing
now as a chain of coral islands, reefs and submarine elevations in the Tonga
island arc (Hanuä and Vanäk, 1978 b).
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In the western part of the region investigated numerous deep earthquakes 000m,
which can be simply associated neither with the Tonga zone T 1, n01“ with
the 20116 T 2 (see Figs. 2 and 3; Hanuä and Vanäk, 1978 a). They are interpreted
as a contorted part of the Tonga slab by Oliver et a1. (1973). However, the
epicenters of these deep earthquakes are arranged into a meridional belt, the
course of which substantially differs from that of the TongaüKermadec trench.
These earthquakes may be coordinated to the Lau Ridge, a remnant arc accord-
ing t0 Milsom (1970) and Karig (1972), which has the same meridional strike
and is situated above the belt 0f deep earthquakes in question.
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contours. For position of sections see Figure l

In order t0 demonstrate the reality of this interpretation, the depth distribu-
tion of the above foci was constructed and plotted together with the position
of the Lau Ridge in a system of six parallel sections (see Cl—C6 in Fig. l).
The resulting vertical sections, given in Figure 4, Show that the earthquakes
can be divided into two separated zones denoted arbitrarily as L 1 and L 2.
They are very steeply dipping, the present average dip appearing t0 be about
70° t0 the west. It seems that the zones L1 8nd L2 represent two buried
paleoplates activated by a deep collision with the recently subducting zones
T 1 8nd T 2-

The top 01" the activated 20118 Ll ranges from 370 t0 565 km (sections
C1, C4), the bottom of L l reaching depths between 565 8nd 685 km (sections
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C3, C5). The thickness of the active part of L 1, measured perpendicularly
to the dip, varies from 50 to 75 km with the prevailing value of 70 km. The
eorresponding parameters for L 2 are as follows: depth of the top between
325 and 485 km (seetions C1, C6), depth of the bottom between 535 and 695 km
(sections C5 and C1, C2, C6), thickness variable between 50 and 100 km.

Deep Collision and Activation of Buried Paleoplates

Deep collision of subducted lithospherie plates is a new phenomenon in the
plate tectonic hypothesis. It is Characterized by an anomalous Clustering of
deep earthquake foci in a relatively limited space, which cannot be interpreted
by a simple model of one subducted plate. The geometry of the earthquake
distribution gives an impression that smoothly downgoing slabs of reeent subduc-
tion meet an obstaele during their penetration through the upper mantle. An
analysis of the geometry of earthquake distribution and the position of remnant
island arcs reveals that these obstacles can be interpreted as activated remaining
parts of buried paleoplates belonging to ancient zones of subduction.

The above phenomenon is demonstrated in Figures 2 and 3, where the deep
collision of the recently subducting Pacific plate with buried remnants of Lau
paleoplates is shown. In the Tonga region two main centers of collision ean
be identified: the northern centre, appearing in the vertical section A1 (see
Fig. 2), is produced by the collision of the Tonga zones T 1, T2 with the
Lau zone L 2; in the southern centre, which can be observed in the vertical
section Y (see Fig. 3), the Tonga zone T 2 and the Lau zones L1 and L 2
take part in the collision. In the southern centre T1 is not involved in the
collision because its depth of penetration is not sufficient to reaeh the Lau
zone L 2 (for details see the complete sequenee of vertical sections in Hanus
and Vanek, 1978a).

The Clustering of earthquake foci in the northern centre of collision is very
intensive; therefore an enlarged picture of this region is shown in Figure 5,
where we attempt to coordinate the individual earthquake foci to the interaeting
zones assuming that all the zones preserve their simple plate-like shape: zone
T 1 is delineated by full—line contour, zones T 2 and L 2 are denoted by vertical
and horizontal hatching, respectively, and the centre of collision by eross-hatch-
ing. The position of the centre of gravity of the northern collision is at 18.0° S
and 178.4° W, its depth is at 600 km. The corresponding parameters of the
southern collision are 23.6o S, 179.8° W, and 540 km depth. Both eentres of
collision are also shown in the geographic seheme of the Tonga region given
in Figure 1.

By the deep collision with the Tonga zones Tl and T 2 the buried Lau
paleoplates L1 and L2 were activated not only in the centres of collision.
The activation takes place also between both eentres of collision and the earth-
quake foci belonging to L l can be observed up to the latitude of 31° S south-
wards of the southern centre and those belonging to L 2 up to the latitude
of 16.5° S northwards of the northern centre of collision. This means that
the Lau system of paleoplates is activated for a length of about 1600 km.
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It appears that the earthquake foci are not distributed randomly in the paleo-
plates but that they are arranged in an orthogonal system with a specific orienta-
tion with reSpect to the possible direction of subduction. A detailed discussion
of this phenomenon will be published in a separate paper. It must be also
noted that the present dip of the zones L l and L 2 need not correspond to
the original dip of the Lau su'bduction and can be substantially influenced
by the deep collision with the zones T l and T 2.

One of the most specific features of the Tonga region is the highest deep
seismicity in the world. The deep collision of lithospheric plates may be the
decisive factor in explaining this phenomenon.
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Abstract. A probabilistic large-scale seismicity model for the Upper Rhine
graben and adjoining regions has been developed considering all available
seismological and geological information. With this model the probability
distribution of macroseismic intensities (MSK-scale) was calculated for 208
sites regularly covering the region under investigation with a grid width of
25 km. Four maps with intensity isolines are presented according to ex-
ceedance probabilities 63 %, 10 %, 1 % and 0,1 % for a period of 50 years
(corresponding to annual occurrence rates 2-10‘2‚ 2-10‘3, 2010—4, and
2-10‘5). The intensities given reflect the regional seismicity level with
respect to quantitative risk values, which might be modified by local particu-
larities (soil conditions, nearby seismoactive fault lines, etc.) for a special site.
The risk for an average site in the Upper Rhine graben is characterized by
an annual occurrence rate of about 10‘4 for intensity VIII. On a statistical
basis, the exceedance of intensity IX cannot be excluded, but could only
occur at a very low probability level.

Key words: Earthquake Risk — Upper Rhine graben —- Central Europe.

1. Introduction

At the present state of seismological research the occurrence of major earth-
quakes in seismoactive regions cannot be predetermined on a deterministic basis
on the one hand and cannot be excluded on the other one. The seismic risk is
therefore best described by probabilities for certain earthquake effects at given
sites. It is assessed in terms of exceedance probabilities for intensities, peak
acceleration, or other quantities during a given period of time.

Analytical methods to determine the site dependent risk have been develop-
ed by Cornell (1968) and Esteva (1969) and applied to a great number of seismic
regions all over the world. For Europe probabilistic studies have been performed,
e.g.‚ by Lilwall (1976) for Great Britain, and very recently by Sägesser et al.
(1977), Sägesser et a1. (1978), and Mayer-Rosa (1978) for Switzerland.

O340-062X/78/0044/0481/803.4O
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Ahorner and Rosenhauer (1975) developed a probabilistic seismicity model
using Gumbel’s extreme value statistics for the Northern Rhine area. In the
present paper this method is used with slight modifications to evaluate the
seismic risk in the Southern Rhine area with special emphasis on the Upper
Rhine graben. Instead of probability distributions of earthquake aceelerations
the. exceedance of earthquake intensities at given sites is considered, since in
Central Europe the attenuation law for macroseismic intensity is much better
known than for peak acceleration.

2. Seismicity of the Upper Rhine Graben and Its Vicinity

The Upper Rhine graben (Fig. 1), which cuts through the earth’s crust of Central
Europe from Basel in the South to Frankfurt in the North, is a Classical example
of a continental rift valley and by this a favoured research object for geoseien-
tists since many decades. A review of the latest results of geological, geophysieal
and geodetical investigations has been published in two monographs edited by
Illies and Müller (1970), and Illies and Fuchs (1974).

Taphrogenesis started in the Middle Eocene, i.e., about 45 million years ago,
and is continuing up to recent time. The neotectonic activity in and around the
graben zone is indicated by Quaternary faults with dislocations up to several
100m (Bartz, 1974), geodetieally observed vertical crustal movements in the
order of 0.5 mm/year (Mälzer, 1967; Prinz and Schwarz, 1970; Schwarz, 1974),
structural damage to buildings founded immediately above the main faults
(Müller and Prinz, 1966), and by a remarkable seismicity with damaging
earthquakes up to moderate magnitudes (Ahorner et al., 1970).

The seismicity of the Upper Rhine graben and its Vicinity has been studied in
detail by Hiller et al. (1967), Schneider (1968, 1971), Ahorner (1970, 1975),
Ahorner et al. (1972), Bonjer and Fuchs (1974), and others. Original data of
historical events are available from earthquake eatalogues of Sieberg (1940),
Sponheuer (1952), Fiedler (1954), and Rothe and Schneider (1968).

The seismotectonic zone of the Upper Rhine graben and its bordering
mountain ranges (Black Forest, Vosges, Odenwald, and Pfalzer Wald) forms the
southern part of the Rhenish earthquake zone, which continues farther to the
Northwest in the Lower Rhine graben (Ahorner and Rosenhauer, 1975). The
Rhenish earthquake zone represents the most conspicuous seismological feature
in the northern foreland of the Alps. Earthquakes occurring along this intra-
plate zone of crustal weakness have focal depths between several and 25 km as a
maximum. The focal mechanisms are as well of dip-slip as of strike-slip type and
are clearly controlled by the present-day stress field within the earth’s crust of
Central Europe (Ahorner, 1975).

The energy release diagram (Fig. 2) gives a general impression of the time
distribution of seismic activity in the Upper Rhine graben region. The sum of
the square roots of seismic energies, which is under simplifying assumptions
proportional to the seismic strain release in the earthquake region, increases
relatively uniform with time as may be expected in a highly fractured graben
zone with mainly tensional tectonics. Obviously the major part of the stored
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stress energy is released with small and medium earthquakes, whereas strenger
shoeks are eomparatively seldom. Damaging earthquakes with magnitudes
Mm;5 (Riehter-seale) and macroseismie intensities IogVII (MSK-scale) occur
in the Rhine graben region only 2 t0 3 times per century. The strongest shock
observed is the famous Basel earthquake 1356, whieh killed 300 people
(Sieberg, 1940). This event was released at the southern end of the graben and
has an estimated magnitude Mm = 6% and the epieentral intensity I0 =VIII—IX. It
is the most catastrophic earthquake felt in Central Europe north of the Alps in
historical time.
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The cumulative magnitude-frequency diagram (Fig. 3) shows how frequently
earthquakes in the Upper Rhine graben region occur. The original data were
taken from the earthquake eatalogues mentioned above, mainly from Rothe and
Schneider (1968). Mm is the maeroseismic magnitude determined from the
epicentral intensity I 0 (MSK-scale) and the focal depth h with the formula of
Karnik (1969)

Mm=0.5 Io+log10(h/km)+0.35. (1)

For shocks with unknown or uncertain intensity or focal depth the mean radius
of perceptibility Rm was used t0 get the magnitude with the empirical re-
lationship p'roposed by Sponheuer (1962),

Mm =0.52 1 +1.56 log10(Rm/km)+0.7 ocRm (2)
with the macroseismic intensity I at the limit of perceptibility (usually taken as
II) and the absorption eoefficient oc (normally 2.5-10‘3/km). The validity of
Equation (2) for the Rhine area has been Cheeked by us evaluating well observed
earthquakes with known instrumental magnitudes.

The general trend of the observed frequencies in Figure 3 follows the linear
Gutenberg-Richter (1949) relation and is closely fitted by the regression line

log10(N' T)=aGR(A, T)—bM‚„= 3.15—0.95 Mm (3)
with T=1 year and A=2.5v104 km2. The b value in Equation (3) differs only
slightly from the average b values for shallow earthquakes in other regions.
Wohlenberg (1968) for instance found b=0.84 for the East African rift zones,
Karnik (1969) b=0.94 for the whole European region, and Gutenberg and
Richter (1949) b=0.90 for the world.

It is of special interest that the regression line of Figure 3, derived from
events between 1700 and 1969 in the magnitude range 3.5;Mmg53, meets the
isolated value of the Basel earthquake 1356. This suggests the conclusion (see
Sect. 4, too), that the Basel event is not as exceptional for the seismotectonie
regime of the Upper Rhine graben as is often assumed.

The linearity assumption of the magnitude—frequency relation for shocks up
t0 Mmz61/4 seems reasonable at least in some parts of the Upper Rhine graben,
bearing in mind that in other continental rift zones with eomparable geological
conditions similar or even higher magnitudes have been observed, e.g., M :61/4
for the Jordan graben (Arieh, 1967) and M =7.1 for the East Afriean graben
zones (Wohlenberg, 1968).

A pessimistic seismotectonic estimate for the maximum possible earthquake
along a preexisting geologieal fault line often used in the USA would lead t0 an
upper bound magnitude Mmax=7 t0 8 for the Upper Rhine graben if a total
length L=300 km of the fracture zone is assumed and an active fault-plane
length of 0.2 L t0 0.5 L for the largest possible earthquake (Bonilla, 1970). These
values, however, seem t0 be extremely conservative and thus cannot serve as a
basis for a realistic risk assessment.

Considering all available seismological and geologieal information Mmax
=61/2 is assumed for the eastern border faults (Fig. 1, region 2) and Mmax: 53/4
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Table l. Seismological subdivision of the area under investigation and source specifications. Gumbel
parameters a and uo are normalized t0 T210 years and A2104 km2. Values in parenthesis are
estimated or uncertain

Region Area Gumbel parameters Maximum magnitude
A/104 km2 (normalized)

M ob- Mmax assumed
a uO served for the model

1 Upper Rhine graben except 1.30 0.51 i012 3.82i0.20 5% 5%
eastern border zone

2 Eastern border zone of 0.30 0.51i0.12 3.82i0.20 6% 6%
the Upper Rhine graben

3 Middle Rhine zone 0.51 0.60i0.12 3.29 i021 5 5%
4 Hunsrück zone 0.48 (0.60) (2.70) 4% 5%
5 Wetterau 0.08 (0.60) (2.70) 4 5%
6 Blaek Forest 0.54 0.78 i015 3.47 i025 5 5%
7 Western Swabian Alb 0.15 0.58 i015 5.78 i025 6 6%
8 Eastern Swabian Alb, 1.30 0.72i0.15 3.53 i025 5% 5%

Upper Swabia,
Lake Constance, Hegau

9 Vosges mountains and 1.13 (0.60) (3.00) — 5%
Eastern France

10 Epinal-Remiremont zone 0.15 (0.60) (4.00) 6 6%
11 Northern Switzerland 2.04 (0.60) (3.30) — 5%
12 Regions with very 6.74 (0.48) (1.95) 4% 5%

low seismicity
(outside regions 1—11)

along the western border faults and in the graben interior (Fig. 1, region 1) in
our seismicity model.

Outside of the seismotectonie unit of the Upper Rhine graben several seismic
source regions exist influencing the seismic risk of the graben area. The
specifications of these neighbouring sources and their boundaries were de-
termined using historical seismicity and available geological and tectonical
evidenee as shown in Figure 1 and Table 1.

The most important focal region southeast of the graben is the Western
Swabian Alb (Fig. 1, region 7). This small-sized highly active seismotectonic unit
is characterized by strike—slip shocks occurring along a N —S trending crustal
fracture zone (Schneider, 1968, 1971). The specific seismicity (earthquake fre-
quency per magnitude class and unit area and time) of the Swabian Alb zone is
much higher than in the Upper Rhine graben, but only for the last seven
decades (Ahorner, 1975). The period of high activity starts with the major
earthquake near Ebingen 1911 (epicentral intensity VIII, magnitude MLgH=6.1;
Karnik, 1969). Since that time more than 20 earthquakes with intensities equal
or greater VI have been observed. Before 1911 the seismic activity of the
Swabian Alb zone was of minor significance for many centuries. This non-
uniform time distribution raises the difficulty whether the high activity rate of
the present century or a smaller rate averaged over two or more centuries in the
past should be used for the risk calculation. Conservatively the higher specifi—
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cations derived from the period 1900—1974 were taken for the Swabian Alb
region (see Table 1) in our seismieity model.

A seismotectonic pendant t0 the Swabian Alb zone is the focal region of
Epinal-Remiremont (Fig. 1, region 10) on the south-western side of the Upper
Rhine graben, where equally damaging earthquakes occur, too. The strongest
shock observed is that of 1682 (epicentral intensity VIII—IX, magnitude Mmz6;
Sieberg, 1940).

From all other neighbouring sources only the Black Forest zone (Fig. 1,
region 6) has an essential influence on the seismic risk in the graben area. The
focal depths of the Black Forest earthquakes are between 8km and 25 km,
somewhat deeper than in the surrounding seismotectonic units (Ahorner et al.‚
1970). This implies that in spite of large areas of perceptibility the epicentral
intensities are not very high. The maximum observed intensity is IO=VI—VII
(Schneider, 1968).

3. Attenuation Law for Macroseismic Intensity

In Ahorner and Rosenhauer (1975) a peak acceleration—distance curve has
been used as transfer function between earthquake sources and site. Because
sufficient acceleration data for Central European earthquakes are lacking until
now, great uneertainties had t0 be associated with this curve, which were taken
into aceount in the uncertainty analysis of the probability results. In the present
paper, an intensity attenuation law based on local observations is derived, which
is a better basis for the assessment of earthquake risk at given sites in the region
under investigation.

Two well known empirical laws describe the dependence of macroseismic
intensity I on hypocentral distance R and magnitude Mm. The first is from
Sponheuer (1960):

I(R) — I(R’) = 3 log10 (R'/R) + 30c log10 e - (R’ —R)/km. (4)

The absorption coefficient oc varies for most earthquakes in the Rhine area
between 0.001 and 0.005. Its uneertainty, however, is not important for hy-
pocentral distances R<200 km relevant for the calculations described in Sec-
tion 4. The value oc=0.0025 was choosen, i.e.

3a10g10e=3.26.10‘3z3-10‘3. (5)

Choosing R’ = 10 km as a reference distance one gets

I—IlOkm=I(R)——I(10 km)
= 3 — 310g10(R/km)-— 30c log10 e(R/km— 10). (6)

This formula is in good agreement with observed intensity-distance curves for
the Rhine area (Fig. 4).
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The second law is Equation (1) (Karnik, 1969), which gives the intensity at R
= 10 km by insertion of the focal depth h= 10 km:

110km=2Mm—2.7. (7)
Combination of Equations (5) t0 (7) yields the desired intensity attenuation law
valid for the Upper Rhine graben and adjacent regions:

I=2Mm—3 log10(R/km)—3 -oc-10gIOe-(R/km—10)+0.3
3a10g10ez3-10‘3. (8)

4. Statistical Model and Calculation Methods

The probabilistic description of earthquake occurrence and the calculation of
site dependent probability distributions for intensities have been performed
using the methods and computer codes presented in detail by Ahorner and
Rosenhauer (1975). Therefore, only the main characteristics will be repeated
here.

For each of the seismicity zones in Figure 1 Gumbel’s extreme value distri-
bution (Gumbel, 1958)

G(M)=exp [—exp (_Ma—u)] (9)

is assumed t0 give the probability that the Richter magnitude of the 1argest
earthquake in the zone with area A in a specified time T does not exceed a value
M.

This corresponds t0 the linear magnitude-frequency relation Equation (3),
because the following general relation between the extreme value distribution
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G(M) and the mean frequeney N holds:

G(M)=exp(— N- T). (10)

Insertion of Equation (3) leads t0 the Gumbel distribution Equation (9) with

u=aGR(A‚ T)/b‚ a=logloe/bz1/(2.3b). (11)

The Gumbel parameters a and u have been obtained from observed extremes
with the INTERATOM computer code GUMBEL using unbiased evaluation
methods based on order statistics. For the Upper Rhine graben examples are
given in Figures 5 and 6. The evaluation of observed SO-year extremes for the
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period 1350—1949 including the Basel earthquake of 1356 shows remarkable
agreement with the values based on 10-year extremes for the period 1750—1969,
indicating that the Basel event is not extraordinary for the seismic regime of the
Upper Rhine graben. Similarly, no significant difference could be found between
the southern and northern part of the graben.

The Gumbel parameters a and u can as well be determined from the
Gutenberg and Richter parameters aGR(A, T) and b using Equation (11) and the
values of Figure 3,

u=3.15/0.95=3.32 a=1/(2.3 -0.95)=O.46 (12)

referring to T=1 year and A=2.5-104 km2. Normalizing to 10 years and an
area of 104 km2 one gets (Ahorner and Rosenhauer, 1975)

AT
104 km2— 10 years4 2 ):3.96.

2.5 - 10 km -1year

104 km2'10years
u0=u+a'ln( >

=3.32+0.46-ln ( (13)

These values for a and uo agree well with a:0.51i0.12 and u023.82i0.20
determined by the evaluation of extremes directly (Table 1).

In order to exclude infinite values of M, absolute upper bounds Mmax have
again been introduced by a correction of Equation (9), which is small in the
range of observed extremes:

Gc(M)=G(M)/G(Mmax) (MäM
GC(M)=1 (M>M

max)

max). (14)
GC(M) is identical with the bounded magnitude-frequency distribution used by
Knopoff and Kagan (1977). Criticism by these authors concerning the appli—
cation of biased estimators for extreme value statistics to earthquake problems
does not cover the methods used by us. Detailed comments defending the
procedures of the theory of extremes for risk evaluations against the general
objections of Knopoff and Kagan (1977) will be contained in a paper under
preparation by the present authors. Methods to obtain reliable estimates for
regional values of Mmax justifying the assumptions made in our 1975 calculations
and in this paper will also be published in this paper. Figure 7 shows the
magnitude probability distributions GC(M) used in the Upper Rhine graben
Regions 1 and 2).

For each seismicity zone a focal depth distribution W(h) was used giving the
probability that the focal depth of an earthquake is smaller than h. These
distributions were found by evaluating observed data (see Ahorner and Rosen-
hauer, 1975).

The total region under investigation (Fig. 1) has been covered by a regular
net of 208 sites with 25 km grid width. For each site, the probability distribution
of the intensity has been calculated with the INTERATOM computer code
WASEW. WASEW subdivides the environs of a site into elements of volume
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AV. For a fixed intensity I Equation (8) gives—as a function of the distance
between A Vand the site—the magnitude that has t0 be exceeded in A V in order
t0 get an exceedance of intensity I at the site. The probability of this event is
determined from the corresponding magnitude and focal depth distributions
G (M) and W(h) respectively. Summing up the contributions of all AV, theC

probability for exceedance of I at the site is gained.

5. Results

Figure 8 ShOWS as typical examples three of the 208 probability distributions
calculated as described in the preceding section. The whole set of distributions
was evaluated in order t0 draw probabilistic intensity maps. T0 this purpose, the
intensities I for each site were determined corresponding t0 yearly exceedance
probabilities of 2'104, 2- 10—3, 2. 10—4, and 2- 10—5 respectively, and drawn
into maps (Figs. 9 t0 12). Interpreting these values for a reasonable reference
time, the maps ShOW the intensity values and isolines with exceedance probabili-
ties of 63 %‚ 10 %, 1 %‚ and 0.1 % within T= 50 years.

The probabilistic intensity maps give a gross quantitative measure of the
regional seismic risk level only, because local soil conditions, nearby seismoac—
tive fault lines, and other local features contribute t0 the actual risk at a site.
Local particularities cannot be incorporated into large scale seismicity models,
which give averaging results. Because of the limited dimensions of the model the
probability values are too small for sites nearer than about 50 km t0 the map
boundaries. This influence disappears with decreasing probability level. More-
over, the far reaching contribution of the Lower Rhine area is not included in
the model. C0nsequently, the intensities calculated for sites in the northwestern
part of the maps (NW of the line Saarbrücken-Mainz) are in general too small.
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Both effects however are not relevant for the Upper Rhine graben itself and its
direct environment.

Obviously the earthquake intensity which might be used as a basis for design
purposes is strongly controlled by the site dependent occurrence frequency
tolerated. For the Upper Rhine graben, for instance, a probability of 10% for
exceedance within T: 50 years corresponds t0 ImVII, whereas a value of 1%
suggests IzVIII. For sites in the Swabian Alb seismotectonic region about two
units higher intensities would be requested at the same exceedance probability
levels.

From the comparison of the four maps it becomes also clear that for
intensities with higher occurrence rates the seismic risk in the Upper Rhine
graben is influenced distinctly by the Swabian Alb focal region and that for
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lower occurrence rates events in the graben itself give the most important
contributions.

The uncertainty analysis in Ahorner and Rosenbauer (1975), which has not
been repeated for the Upper Rhine graben, suggests similar resulting un-
certainties of the probability numbers, i.e.‚ up t0 one t0 two orders for higher
intensities, with the typieal effect of smaller values for the upper, and greater
values for the lower uncertainties.

Nevertheless it must be concluded that, eoncerning the overall seismic risk of
the Upper Rhine graben, intensities up t0 1:9 cannot be excluded on a
statistical basis but might occur at very low probability levels.
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It is interesting t0 compare our results for the Upper Rhine area with those
of the seismic risk maps for Switzerland recently published by the
Eidgenössisches Amt für Energiewirtschaft (Sägesser et al.‚ 1977; Mayer-Rosa,
1978). For high seismicity regions in Switzerland, e.g., the Upper Rhone valley
(Valais), the Swiss maps give maximum intensities I =9.6 with yearly exceedance
probability 10‘4 comparable with our highest values for the Swabian Alb
region. Though the analyses have been earried out independently and are based
on different statistieal m0dels, the final results for probabilistic intensities in the
Swiss-German border region (e.g., near Basel, Table 2) show—considering the
uncertainties of both approaches—remarkable agreement.
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Table 2. Comparison between probabilistic intensities for the Basel area

Annual probability Intensity (MSK-scale)
of exceedance

Swiss risk map 1977 Our risk analysis

P=10‘2 I=6.1 I=5.8
P=10"3 I=7.4 I=7.0
P=1O‘4 I=8.8 I=8.5
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A Comparison of PKP Precursor Data From Several
Seismic Arrays

A.P. van den Berg, S.A.P.L. Cloetingh, and D.J. Doornbos
Vening Meinesz Laboratory, Lucas Bolwerk 6, University of Utrecht, Utrecht, The Netherlands

Abstract. Data from the four UKAEA arrays have been analyzed, using
methods similar to those applied previously t0 NORSAR data. This allows
a comparison of the different data sets, and such a comparison has been
made for PKP phases and their precursors: The precursors are characterized
by direction of approach and relative arrival time and spectral content;
computational values, based on the interpretation cf scattering in the lower
mantle or at the core-mantle boundary (CMB), are used as a reference.
Precursors at the different arrays have sampled different regions of the
lower mantle and CMB. Significant differences between the various data
sets, in characteristics like spectral ratio and azimuth deviation from the
great circle, suggest large scale lateral variations in the properties of hetero-
geneous structure sampled by the data. It leads t0 the mapping of relatively
“smooth” regions (beneath the S. Sandwich Islands and Central North
America, from YKA data), and “rough” regions (beneath the Fiji Islands
and Fennoscandia, from NORSAR data).

Key words: Scattering — Core-mantle boundary — Lower mantle — Lateral
variations — Arrays.

1. Introduction

During the last 5 years or so, seismic array data have been used in exploring
lateral variations in the lower mantle. The array evidence of large scale variations
as inferred mainly from slowness vector anomalies (e.g., DaVies and Sheppard,
1972; Kanasewich et al., 1973; Wright and Lyons, 1975), is still subject t0
debate (Green, 1975; Berteussen, 1976; Vermeulen and Doornbos, 1977). More
conclusive has been the evidence of small scale variations as inferred from
the characteristics of certain types of precursors t0 core phases, following their
interpretation in terms of scattered waves (Cleary and Haddon, 1972); see,
e.g., Doornbos (1976) and Husebye et a1. (1976) for precursors t0 PKP,

0340-062X/78/OO44/O499/5502.4O
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316° W), n (WRA at l9.95° S, 134.35° E), Event symbols according t0 the receiver array

Doornbos (197421) for precursors t0 PKKP, Haddon et al. (1977) for precursors
t0 P’P’. Yet, there are some significant differences in the models of small scale
heterogeneity pr0posed or inferred by different authors. For example, some
workers explain the PKP precursor data by a uniform scattering layer of thick-
nass 200 km or less at the base of the mantle (Haddon and Cleary, 1974;
Wright, 1975; Husebye et al., 1976); Doornbos (1977) concluded that both
a slightly rough coremantle boundary (hereafter referred t0 as “‘CMB”) and
a slightly heterogeneous lower mantle would explain the Observed energy level
in most of the PKP precursors, but as was pointed out, the simultaneous explana-
tion of other characteristics like travel time and slowness vector, by scattering
in an otherwise standard Earth model, may require scattering regions well above
CMB, and/01‘ large scale lateral variations in these regions (c.f., Doornbos,
1976)

Besides differences in source-receiver geometry, thereby smapling different
regions of the lower mantle 01' CMB, some differences in the proposed scattering
models may be due t0 the different array systems and data analysis techniques
used. This paper reports on an experiment where we try t0 avoid introducing
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subjective differences by analyzing data from the4 UKAEA arrays, in compari-
son with the existing NORSAR data set. The UKAEA analog data were
converted to the same digital form as NORSAR data. Thus, although several
of these arrays have been employed separately for similar purposes, our aim
here is to test the idea of large scale variations in the lower mantle or CMB
structure (besides the small scale variations inherent in the seattering interpreta-
tion), by a Similar analysis of data from different source—receiver combinations.
Figure 1 illustrates the source-receiver geometry and the areas thus sampled
(these areas are shown for one typical source in each source region only).

In the next section we give a brief summary of the arrays and data processing
techniques used. The observational results are parameterized in the form of'
arrival time, slowness vector and speetral ratio (relative to PKP). The results
are presented and discussed along with theoretical results for scattering from
a rough CMB and a heterogeneous lower mantle.

2. The Arrays and Data Analysis Techniques

The arrays we use have been extensively documented. Moreover, NORSAR
and three of the four UKAEA arrays have been used for Similar purposes
as in this paper. For discussions of the arrays, their response, etc., we therefore
refer to the literature. (For general discussions, see, e.g.‚ Birtill and Whiteway
(1965) and Bungum et al. (1971); for discussions in the context of core phase
analysis, see, e.g., Doornbos and Husebye (1972), Ram Datt and Varghese
(1972), King et a1. (1974), Wright (1975). We use the NORSAR data from
Doornbos and Vlaar (1973). UKAEA analog data records from events with
mb > 5.5 during a period of about 2.5 years from 1-1-1971, have been converted
to a 20 Hz sampling rate digital form, in analogy to the NORSAR short period
data. Similar processing techniques could thus be employed, and we have
adopted those applied previously by, e.g., Doornbos and Husebye (1972) and
Doornbos (l974b). Briefly, a rough estimate of the direetion of approach of
ineident wave energy was obtained by Vespa analysis at a number of azimuths
at and around the event azimuth; maximum coherent power peaks in slowness
and time were then relocated in an iterative beamforming program. The proce—
dure yields the direction of approach and arrival time of relatively coherent
energy in a wave train, Similar to the BEAMAN analysis described by King
et al. (1975). Spectral analysis of the energy maxima was subsequently performed
on the final array beams; the analysis involved the eoncept of so called instanta-
neous spectra (Dziewonski et al., 1969; Doornbos, 1974 b). The procedures were
applied to both precursors and PKP, thus allowing the results to be presented
in a relative, rather than absolute form (e. g., spectral ratios).

Evidently, identical analysis procedures do not prevent the differences in-
trodueed by different array geometry and geological structure. Array geometry
determines the array response. At a large array like NORSAR it limits wave
interferenee, and interference tests as desoribed by Doornbos and Vlaar (1973)
may be quite useful. The response of the medium aperture UKAEA arrays
is much smoother and the possibility of more interference must be admitted,
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although slowness measurements with these arrays usually suffiee to discriminate
between scattering at the source and receiver side of the core (King et a1.,
1974; Wright, 1975). The effect of structure beneath the arrays should ideally
be compensated for, and correction tables for slowness measurements have
been used on a routine basis at NORSAR (Berteussen, 1974). Again, for the
medium aperture arrays the Situation is more difficult. Although consistent
slowness measurements may be made for events in the same region (as we
have verified by measuring PKP; YKA anomalies were consistently about 0.3 s/
deg), it is also known that, in particular for medium and small arrays, the
effeet of local struoture may change rapidly with small changes in the incident
wave direction (Berteussen, 1975). Indeed, slowness anomalies at the UKAEA
arrays of PKP and those of nearby P in the slowness plane from data of
Corbishley (1970), were sometimes very different, so it is not clear whether
a correetion based on interpolation between calibrated points in the slowness
plane is justified. Since also the geological structure itself is not known in
sufficient detail, we decided to leave the slowness data from the UKAEA arrays
uncorrected; such a correction was also omitted by Ram Datt and Varghese
(1972) at GBA, by King et a1. (1974) at WRA and by Wright (1975) at YKA.

3. Model Calculations

We will present observational along with theoretical results, since it facilitates
interpreting trends in the data (e.g., with epicentral distance), and it indicates
which observations should be considered anomalous. The choice of a scattering
model is somewhat arbitrary. Following the formulation of Doornbos (1976;
1977), we give results for scattering by a rough CMB with average radial varia-
tions of 200 m, and by a heterogeneous 400 km thick layer at the base of
the mantle, with an average relative density variation of 1%. Similar variations
in the elastic properties could have been included, but the resultant amplitude-
distance curves would not be much different. The results represent scattering
at one side of the core only (either the source or the receiver side, whieh
is consistent with precursor observations at arrays). Seale lengths of variation
of 10 and 20 km will be considered in both cases. It has been shown by Doornbos
(1977) that both of the above models produce the energy level that is observed
in most of the PKP precursors, and that scale lengths of 10—20 km should
be considered relevant, except at relatively long epicentral distances where larger
scale lengths may become important. The 400 km layer model is akin to the
200 km layer model of Haddon and Cleary (1974).

We emphasize that the computational curves are not intended to fit all
observed precursor Characteristics. For example, the models are laterally uniform
whereas we will present evidence of lateral variations in scattering regions.
Relative to the above models, seattering from laterally limited regions will
decrease the precursor energy or alternatively, the heterogeneity in this region
would have to be increased to maintain the same energy level of the precursors.
The array response has a Similar effect since it restricts interference to a limited
region in the slowness plane. The latter effeet is important for NORSAR,
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whose response reduces the energy level produced by a laterally uniform scatter-
ing model with roughly 3 to 6 dB at 1 Hz (Doornbos, 1977), but for the UKAEA
arrays with their mueh wider response, the effect is unimportant. Ideally, the
characteristics of groups of precursor data should be inverted to obtain seattering
regions consistent with these data. This strategy has been applied to some
groups of precursor data at NORSAR (Doornbos, 1976). However, for data
from the UKAEA arrays, such an inversion is not warranted due to the limited
resolving power of these arrays, so only the forward approaeh will be followed
here. '

4. Results and Discussion

The preeursor data from the different arrays were also associated with different
source regions (Fig. l). NORSAR data are from the Solomon and Fiji Islands
region, the bulk of the YKA data (around an epicentral distance of 136°)
is from the S. Sandwich Islands region, most EKA data are from the New
Hebrides, WRA data are from several regions in S. America, Whereas GBA
gave only two data from Argentina events at relatively long distances (142°—
143°). Typical reeords with PKP and precursors from each of these arrays
are shown in Figure 2. For purposes of eomparison, the NORSAR central
subarray, rather than the arraybeam, has been used here (not in the remainder
of this paper). UKAEA data are given in Table 1 ; for NORSAR data tabulation
we refer to previous work (e.g., Doornbos, 1976). In the Figures to follow,
the data will be distinguished aeeording to array type, no further distinction
will be made.

The information on arrival time and slowness vector is summarized in Figures
3—5. The theoretical curves in these figures do not bring out the differenee
between 10 and 20 km seale length, as this difference was not important in
these eases. Arrival times of energy maxima in preeursors and PKP were mea-
sured from the instantaneous speetral envelopes in the frequency range
0.8—1.2 Hz.

The precursor times are plotted in Figure 3, relative to PKIKP. Since mea-
sured PKP energy does not only involve PKIKP but also, e.g., PKiKP, we
have assumed that, when the energy maxima did not separate (which was always
the ease for surface focus distances below 138°), the observed maximum is
halfway between PKIKP and PKiKP, and applied a time correction accordingly.
It should be realized that the CMB curve in Figure 3 lags the minimum time
curve (see, e.g., Cleary and Haddon, 1972) by several seeonds. Whereas the
model curves in Figures 3 indieate the general trend in the data, the relatively
poor fit of any of the individual curves to the data may reflect deviations
from a uniform scattering model. Indeed, from previous experience with NOR-
SAR data alone it has become clear that large seale lateral variations in scattering
properties must be invoked to aecount for the eharacteristies of these data.

In plotting a'T/dA and azimuth deviations from the great circle (Figs. 4
and 5), it was realized that for the UKAEA arrays, large biases may be in-
troduced by wave interference and by uneorrected effects of near array structure
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Fig. 2. PKP with precursors at UKAEA arrays (array beams) and at NORSAR (central subarray
beam); filtered traces. Dashed arrows indicate precursor detections

(seetion 2). Some control on the reliability of (dT/dA, azimuth) data may be
exercised by applying the scattering interpretation and requiring that, within
specified limits, measured arrival time, dT/dA and azimuth be consistent with
a scattering source on or above CMB. By applying this test we had t0 reject
some of the (dT/dA, azimuth) solutions, and these are not reprodueed in Figures
4 and 5. Figure 4 clearly ShOWS the separation of a’T/dA in precursors dueI
t0 scattering at the source and reeeiver side of the core, respectively. Besides,
we remark that the dT/dA data in Figure 4 are not necessarily at the same
position relative t0 the model curves, as their corresponding arrival times in
Figure 3. The YKA data in Figures 3——5 are generally in agreement with those
of Wright (1975). The correspondence of WRA data with those of King et a1.
(1974) is less clear; this may be partly due t0 our limited number of good
data for this array, which was characterized by many (partial) breaks during
our observation period. Most striking in Figure 5 are the large azimuth devia-
tions for NORSAR data groups corresponding t0 scattering at the receiver
side of the c0re, whereas for the other arrays (in particular YKA) n0 consistently
large deviations are observed.

Speetral information is summarized in Figures 6 and 7. Peak frequencies
of PKP and its precursors are generally around l Hz (for UKAEA data slightly
higher).
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Table l. Events and precursor data at UKAEA arrays

Array Date Source region Depth Dis- Resid- aT/dA Azi- Spectral Spectral
tance ual muth ratio ratio

time devia- peak at 1 Hz
tion frequency

(km) (°) (S) (S/°) (°) (HZ) (dB)

YKA 1972, Jan 8 South Sandwich Isl. 60 135.5 7.10 0.9 32.05
1973, Feb 2 South Sandwich Isl. 33 136.0 8.05 3.65 4.2 1.5 24.61

4.25 2.30 0. 1.6 24.80
1973, Feb 7 South Sandwich Isl. 33 135.8 10.50 3.50 0. 1.7 27.71

4.60 2.30 O. 1.7 23.13
1973, Feb 18 South Atlantic Ridge 33 125.1 5.70 1.3 19.13
1972, Feb 25 South Sandwich Isl. 33 140.1 8.05 1.6 16.01
1973, Feb 25 Scotia Sea 33 136.2 9.25 3.44 —9.9 1.8 23.02

3.95 2.1 20.77
1972, Mar 31 South Sandwich Isl. 33 135.4 9.80 3.86 —8.1 1.1 14.75
1973, Apr 25 South Sandwich Isl. 67 138.9 8.55 2.75 —0.1 1.1 25.14

5.55 3.46 —6.6 1.1 14.00
1973, Nov 25 South Sandwich Isl. 33 135.5 2.05 1.2 24.40
1972, Dec 22 South Sandwich Isl. 33 135.4 8.50 2.90 3.6 1.5 26.68

3.40 2.00 3.6 1.5 29.51
1972, Dec 22 South Sandwich Isl. 33 135.4 7.95 3.71 2.1 1.5 23.11
1972, Dec 28 South Sandwich Isl. 33 135.5 8.65 1.9 30.83

GBA 1973, Jan 3 Santiago del Estero 563 140.8 5.40 3.28 0. 1.6 14.89
prov. Argentina

1973, Nov 19 Salta prov. Argentina 40 142.6 3.60 1.5 10.76

EKA 1972, Feb 14 Santa Cruz Isl. 102 135.5 8.25 1.3 14.35
5.75 2.66 5.5 1.4 14.46

1972, May 4 New Hebrides Isl. 45 140.9 7.25 1.7 10.45
1971, Sep 14 New Britain 33 127.2 3.80 0.72 —11.5 1.8 16.97
197l, Oct 27 New Hebrides Isl. 40 139.5 7.45 1.6 9.66
1973, Nov 30 New Hebrides Isl. 124 139.3 7.50 1.6 7.41
1973, Dec 9 New Hebrides Isl. 39 142.9 2.65 3.31 15.4 0.7 4.78
1973, Dec 28 New Hebrides Isl. 26 138.5 8.70 1.6 11.51

WRA 1973, Feb 1 Jujuy Prov. Argentina 229 133.1 11.80 1.0 11.18
1972, Mar 20 Northern Peru 64 139.4 9.10 1.7 16.29
1973, Sep 18 Northern Peru 133 139.8 4.90 2.15 —19.7 2.0 "17.10
1971, Oct 15 Peru 54 136.1 10.40

3.10 1.50 0.2 0.6 19.22
1973, Oct 25 Southern Bolivia 548 136.0 12.40

5.60 1.81 35.6 1.7 10.72

In Figure 6, peak frequencies of the precursor/PKP spectral ratio are plotted.
The PKP spectrum used is representative of PKiKP. Because source and receiver
effects are largely eliminated, the spectral ratio is thought to be more representa-
tive of the scattering mechanism itself. However, two points must be made.
First, for low energy precursors (e.g., YKA data around 136°) the Signal to
noise ratio is low in particular at the higher frequencies (say above 1.4 Hz),
and spectral ratio peaks in this frequency range may become unreliable. Second,
if the incident precursor energy is not well concentrated in slowness space
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Fig. 3. Residual travel times of precursors, relative t0 PKIKP. Data and theoretical curves represent
energy maxima. Data symbols: x (NORSAR), O (YKA), o (GBA), v (EKA), v (WRA). Model
curves: — (rough CMB), --- (density heterogeneity in 400 km thick layer at the base of the
mantle)
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Fig. 4. Ray parameters of precursors. Data symbols and models as in Fig. 3
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Fig. 6. Dominant frequencies of (precursor/PKiKP) spectral ratios. Data symbols and model curves
as in Figure 3. (l): 10 km scale length of variation in radius CMB or in lower mantle structure
(for details see text; (2): 20 km scale length

(e. g.‚ if one of the laterally uniform scattering models were valid)‚ the reduction
of interfering preeursor energy by large array beamforming increases with fre-
quency; as a result the measured peak frequency of spectral ratio may be
biased to lower frequencies. These points may explain at least part of the
differences in Figure 5 between NORSAR and YKA data around 136°.
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Fig. 7. Maximum precursor energy at l Hz, in dB relative to PKiKP. Data symbols and models
as in Figures 3 and 6

Figure 7 gives spectral ratios at 1 Hz. As mentioned before, frequencies
at or slightly above l are representative of our data set. We have also
computed the spectral ratios at 1.2 Hz and the results were similar to those
in Figure 7. The figure clearly demonstrates the difference in energy level between
the NORSAR and YKA data, which we estimate to be of the order of 10—15 dB.
The energy level of the NORSAR data is ‘higher than most of the other data
and if the afore-mentioned correction for large array beamforming were applied,
most NORSAR data would also fall clearly above the theoretical curves. On
the other hand, the YKA data fall far below these curves. Data from the
other arrays are generally in between those of NORSAR und YKA. NORSAR
data have sampled lower mantle and CMB regions beneath the Fiji Islands
and beneath Fennoscandia (c.f., Doornbos, 1976); YKA data (around 136°)
have sampled regions beneath the S. Sandwich Islands and beneath Central
North America. The observed differences may be a manifestation of large scale
variations involving these regions. In this respect we also mention that UKAEA
precursor wave trains appear to be more complex than many of the NORSAR
data, although this difference is difficult to evaluate and may be partly due
to different array geometry. Another argument would involve so called negative
evidence, e. g.‚ Ram Datt and Varghese (1972) report on an unsuccessful search
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for PKP precursors from Nevada explosions recorded at GBA (at a distance
of nearly 128°). More quantitative evidence of lateral variations is given by
the large azimuth deviations of some groups of precursors at NORSAR whereas
for YKA, no consistently large deviations have been observed.

In summary, the characteristics of the YKA data may be well explained
by any of the models involving slight lower mantle heterogeneity and/or a
slightly rough CMB, whereas some groups of NORSAR data require laterally
limited regions of stronger heterogeneity. The implied large scale lateral varia-
tions in the amount of heterogeneity seems to be confirmed in this comparison
of different array data, sampling different regions of the lower mantle and
CMB. The difference in relative energy between YKA and NORSAR precursors
is particularly pronounced (10—15 dB) and leads to the mapping of relatively
“smooth” regions (beneath the S. Sandwich Islands and Central N. America,
from YKA data), and “rough” regions (beneath the Fiji Islands and Fennoscan-
dia, from NORSAR data).
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Digital Recording and Analysis
of Broad-Band Seismic Data
at the Graefenberg (GRF)-Array

H.-P. Harjes and D. Seidl
Seismologisches Zentralobservatorium Grafenberg, Krankenhausstraße 1—3, 8520 Erlangen, Federal
Republic of Germany

Abstract. An array of l9 broad-band seismometers with flat veloeity response
between 0.05 Hz and 5 Hz combined with a binary gain-ranging data aequisi-
tion system of 138 db dynamic range is being installed in Southern Germany.
The array has a maximum extension of 80 km, it consists mainly of three
triangular subarrays, the dimensions of which are chosen so as t0 reduce
the microseisms by simple summation. The dynamic range is aceomplished
by digitizing the output at the seismometer sites and transmitting the digital
information on telephone lines to a eentral control station. Single station
data are available sinee 1975 and continuous recordings of the first subarray
exist since 1976. They provide extended information of the fine structure
of the seismic wave field in the medium frequency range between 0.5 Hz
and 0.05 Hz and allow the quantitative investigation of frequency-dependent
seismic phenomena over a wide range of amplitude and frequency. An ele-
mentary problem is the numerical analysis of broad-band seismograph sy—
stems especially seismometer—galvanometer systems and the determination
of the true ground displacement or velocity. This Simulation and restitution
problem can be solved by digital recursive filters applying the z-form method.
The Simulation may include high sensitive short-period detection instruments.

Key words: GRF-array — Broad—band seismology — Digital seismogram
analysis.

Introduction

A broad—band array is in the process of being installed at the Graefenberg-
Observatory (GRF) in Southern Germany, which is the Central Seismological
Observatory of the Federal Republic of Germany. This set-up and especially
the new array concept is a joint project of the seismologieal institutions of
our country.

The idea of establishing an array was t0 provide different seismic groups

0340-062X/78/0044/0511/502.60
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with an “Optimal” data set for a large variety of research programs including
the study of the fine structure of the seismic wave field. Optimal in this respect
implies t0 record the true ground motion over a large amplitude fange and
a wide frequency band. The best way from a technical point of view t0 reach
this aim is t0 combine broad-band seismometry with the wavenumber resolving
capabilities of arrays (Baker, 1970; Berckhemer, 197l). This concept differs
as well from conventional detection arrays like LASA (Green et 31., 1965) a3
from the new SRO—installations (Peterson et 3.1., 1976) both of which only record
seismic waves in usual period bands around 1 s and 20 s.

Because of the large dynamic range of earthquake Signals broad-band recor-
ding represents not only a different technical approach. It also requires a careful
study of Signal and noise characteristics in the total seismic frequency band.
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Array Configuration

The purpose of the installation of a broad-band array is not so much t0 enhance
Signal t0 noise ratio rather than to set up a data base for frequency-wavenumber
analysis of seismograms. In any case the success of the array concept depends
011 noise conditions and Signal coherence. In a densely settled and highly indu-
strialized country like Germany it is difficult t0 find a suitable area with homoge-
neous geological structure. A careful study showed that the formation of the
Swabian—Frankonian Jura in Southern Germany fulfilled these conditions best.

Figurel ShÜWS the configuration of the GRF-array. The approximate L-
shape of 80 km extension is given due t0 geological constraints. The array
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consists of 13 seismometer sites which form three triangular subarrays and
some stations in between t0 reduce sidelobe effects in the array response. The
distances between the seismometers are chosen such that the microseismic noise
can be reduced by simple summation of single traces. As has been suggested
(Baker, 1970) and later experimentally proven (Henger, 1975) distances of
10—12 km are suitable for broad-band recordings. Figure 2 features the array
response for monochromatic Signals. This is only slightly changed for broad-
band inputs (Kelly, 1967). This three-dimensional wavenumber characteristic
ShOWS the rejection capability of the array as a function of wavenumber E
normalized to the array dimension (kNORM). The width of the rejection band
between the main lobe at |ENORM|20 and the side lobes at IENORMI 26 depends
on the array size. The array shown in Figure 1 is especially designed t0 suppress
coherent seismic noise in the medium frequency range (0.05 t0 0.5 Hz) propaga—



Recording and Data Analysis at Graefenberg-Array

E

"1 E
Ln _

CD _
z

_m fi
PH.

_
-

\„
LÜ
\

m

E |5:
x: Z
m n.-

5 .. _
::

gääi=-

:

4%: T
c} s

< Z

/ |5}
IIIIHIII IIIIIII 1' |||||l| |

E[IIHII

|
TIHHII

1
„IHHII

|
r:-

T'5' “E 1° E 1’: E E
[ZH/CUHS/AH3) SGI-IlI'IdHV

VS

„j :
w :
CD ..
E

m _
P...

*\ _U.
\
[II Is

[5

z
._ f

LI.I ...
CD ..
N ..
:J -

'E

rrFIHHI
I' ""I ['I I IHHII |

E[IHII'I
I ""1” | I

‚FIHWII
1

|
E5 „5 75' E '55 5° 2

(EH/CÜES/ÄH33 HÜHlIWdHV

FREÜUENCT

(HZ)

FREÜUENCY

(HZ)

E

f :

U1 :
CD -

E

1B
r‘u

x„ „
Cf“xx
[D GI

E
I ‚_ T

LL1 "" :
CD
„J -

3 |—

ä(i?

:€::?>

E

N

E
IIIIHII IIHII'II IIIIII I |IIII I IIIIIII 1 “IIIIII 1 ‚r g-

r'" l'\. T G I I I

E E E G 5 E; E
T T' T‘ ‘— ‘s— “r 1-

CZH/CQHS/AN)) HüflllHV

T5
- \_

m

—

LD _
m _

z

I—

LD

_—

F‘“ _\.
U1
\. ___
[-s. '—— m
v EI

x: Z
ä; _

g:
N

.—

Z)
65::

-

d _

2, =m
<i

F

L

N
I

E
nl I IIIIIII I IIHI I HIII I TIIIIIII I I'I'III I T

f“ IN 1' E l l l

m EI 25l EI E E GI
x— x— 1.- 1- <- -..- r

(ZH/(QHS/ANJ) BÜHLIWdHV

g; q, .E
m ;: w3 “" 5 U

‚ an m.x
n„ o E g fi'

. 5'" u"1.: äijä h
. o :>‚4 5

‚IP-In
m H

ä 'EDin ä: a; Lt.

FREÜUENCY

[H23

FREUUENCY

(HZ)

515



516 H.-P. Harjes and D. Seidi

m E
_ E— 1.-

E ' E
E

' E

n-I - ‚...‚ F
I'"I "‘ 5 ___ '-

F1 “1 -
N n ‘— ‚h,

N
LD

" I LD -

ä

C *-* Q u
I

n 3” Ü >—
E 5(21) "N. Dar...)5’ Z“w E] *‘"E
N _ :) '—

3
C! L“ "‘ g:

U-I _ LIJ U] I- - LIJ
m — Üfi —" _ [g
_ LL D II LLB h 2 .ä ‘
z _ LL ‘=- _

l CL5;u— m .29cu: “Er l— cD ä _
CD

<3
T c: T

(II—h m ä 1:5

f5
F r " ‘—

<>
- _

<7

r -

N N
‘ |

15-" t5:r IIIII I mIII I IIIIII I rllllill Inlllllll |1... x— IIIIIIII IIIIHI I nnIII I IIIIIII I IIIIIII T „IIIIII r
rv IN q- u | | I I'H N T m I l I
E S E E 5 5 S ES S 5 EI 5 5 S
-.- 'r x.- x- x- 1.— qc“ x- \- w.- Nr x— 1.- w.—

CZHÄUBS/AHJ) 30|71|7d CZH/(ÜHS/ANJ) HÜadHV

v ir-
E E

‚_ x- ._ 1.-

5 " ES ’-
ts - I5: —
t: h III _
Cf ’- U'l —

N ‚- N ..
I5: n I5: ‚a

N ——— NLD - u] _

Q 5 F- r E
u >— äS m >-
\. EU \ lSIU
E] _ v2 räs _ TZ

_ |-I-| T“ —— L“
I3 2:1L'J ‘ 1:1 ' a

U'J
"‘ L“ LLI "

LLJ..... — Ex U) — — Dr:
D LI. -— LL
Z _ E ..

I Z ‚.
LIL. I
Dfi Ll.
(Ü 0:1

(D

IIIII

N
/\[Mfi

’2N
l

1E5
x-fITHTT "III I' ITT‘I T HUT l TI‘IHHI I nIFIIIII I rr illllll | IIHIIII IIHIIII IHIHI I’ flllllll l “IIIIIII I f!-

I'" l'\ ‘I' I I i I I""' IN ‘— 5 | | l
E E m G E G (S E E E I51 I5:
v 1:- T 1- x— x— x— ‘T 'C’ 's- 1.— t‘-

CZH/C UBS/AHJ) 30m I 'IdHV (ZH/COHS/ANJJ Elüfll l WEIL-IV

’HEI E
x—

Fig.

6.
Spectra

of

noise

proceeding

Figure

4

the

Signals

in



Recording and Data Analysis at GraefenbErg-Array 51?

45
ä\\ iflflh

a3/34/4977 22.BE UT
‚„„g ; BRF—NÜISE-SPECTRUH„ ä\ / "xI

“1..
#11413 gä E \ m/(_‘1

2'

\ /m Z

‚E —3
E’lEl
s W„q 1, |1
Lu
3 -

E
u

im n

qE—E T *r r | #111111 T

m‘z am“ 4a“ 4m”
FREÜUENCY (HZ)

“113A: _5 BQ/42/4977 am.ßa UT 1
„„„g ; BRF-NUISE-SPECTEUM l
E ä\w 1W =
n E8m 1/11w W VU")

i‘m-3 f ‘2 ä„ 1 ilä'lil '

g
_

ELHai—5-

”Im—E . . .1
„1—2 4a" m” m"'l

FREÜUENCY (HZ)
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ting at surface wave velocities. The seismometer output is digitized at the site
with 20 samples per second. The digital information is transmitted on telephone
cables in asynchronous mode t0 a subarray centre which is a three-component
station. The three subarrays are connected with the data centre in Erlangen
by 2400 baud synchronuous lines. Technical details of the data acquisition
and transmission are already published (Harjes et al.‚ 1973), the basic principle
is summarized in Figure 3 (upper half). The seismometer output passes an antia-
liasing filter (3db-p0int at 5 Hz, 42 db/octave slope) and is converted into digital
form by a computerized binary gain-ranging system. In the data centre all
data are stored on magnetic tapes for about one year t0 extract event tapes
for various scientific purposes. The lower half of Figure 3 ShOWS the data format
which is a pseudo-floating point code very similar t0 the SRO data format
(Seismic Research Observatories installed by USGS).

Test data from the first three—component broad-band station at GRF are
available since 1974, the northern triangular subarray in Figure l is in continunus
Operation since April 1976 whereas the two other subarrays will be installed
in 1978. The seismograms of the following chapters are examples of this data
base.
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Seismological Implications on Broad-Band Systems

The amplitude range and frequency content of seismic Signals and background
noise gives very clear eonstrains t0 the instrumental realization of broad-band
seismographs. Some examples of the GRF recordings will illustrate the impor-
tance of the medium frequency range between conventional long—period and
short-period instrumental responses. In Figure 4 there is plotted the body wave
arrival of four shallow Uzbekistan earthquakes of different magnitudes (PDE-
values).

The amplitude spectra of these events are given in Figure 5 which Showl
besides the well known trend a large variability of the maximum compressional
energy and a pronounced fine structure between 0.1 Hz and 1 Hz. The quantita-
tive interpretation of the P—wave spectrum is the more difficult the weaker the
event is because of the influence of the microseismic noise. This is demnnstrated
by enmparison of the noise spectra in Figure 6 computed from a noise sample
just before the P—onset. The noise problem becomes even more important if
we 100k at the large variability of the microseismie peak (Fig. 7) which differs
by 40 db in the two examples. These broad—band noise spectra were computed
by the periodogram method using 10 nonoverlapping segments eaeh of 400
seconds length (90% confidence limit is 7 db).

Thus, two factors define the seismological data acquisition system: the dyna-
mic range whieh gives the saturating point of the system, and the resolution
which Should be constant over a wide frequency range. Only a digital technique
allows recording the total frequency and magnitude range without saturation.
A binary gain-ranging coneept is then adequate t0 get eonstant resolution.
High resolution is needed t0 separate Signal and noise eomponents für Speetral
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analysis. In the medium frequency range where Signal and noise strongly overlap
the separation can only be accomplished by the use of broadfband array data.

T0 compare the GRF-type digital data acquisition with conventional analog
seismographs the velocity reSponse curves of the WWSSN-system are plotted
in Figure 8. The corresponding maximum magnifications are l k for the long—
period and 200 k for the short-period system. The shaded area indicates the
dynamic range for direct recording. The low resolution for both systems in
the medium frequency range strongly limits the numerical inversion of instru-
mental filtering effects. In comparison Figure 9 Shows the velocity response,
dynamic range and resolution for the GRF wide-band system.

During the test phase of the array a Sprengnether 8—5100 seismometer was
used, in the final version a new leaf—sPring seismometer (Wielandt, 1975) will
be installed which is of smaller size and higher stability. The seismometer acts
as a high—pass filter with corner frequency at 0.05 Hz and 12 db/octave slope
f0!“ the velocity respense, the high frequency limitation of the transfer function
is given by the antialiasing filter with a 3 db point at 5 Hz and a 42 db/octave
slope.
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Table l. Comparison of GRF and WWSSN-recording systems

Resolution (l s) Dynamic range (20 s)

GRF—BB WWSSN-SP GRF-BB WWSSN-LP
(200 K) (l K)

1 Bit9. 1,2 nm/s ämm—L—9 nm/s 22 Bit28,8 mm/s 15 cm—L-0.050 mm/s
Least Most
significant bit significant bit

In Figure 9 the lowest and uppermost curves limit the dynamic range of
138 db while the shaded area ShOWS the resolution of 66 db. Because of the
floating-point amplication this resolution remains constant over the whole recor-
ding range.

Tablel compares in a different way the GRF digital system where the
magnification of the recording is arbitrary with a conventional analog system
with photographic registration. Assuming that in the short-period range the
smallest Visible amplitude is 0.25 mm and for the long-period film recording
the largest amplitude is 15 cm the superiority of one single digital broad—band
instrument in both frequency bands can be deduced from Table l. In the short-
period range an amplitude of 0.25 mm is equivalent to a ground velocity of
about 9 nm/s. In comparison the least significant bit of the digital broad-band
system represents about l nm/s which means a higher sensitivity by a factor
of 9 than the short-period WWSSN.

Similarly for the long-period band an amplitude of 15 cm gives a saturating
point at 0.05 mm/s, which demonstrates the well-known clipping problem of
the long-period WWSSN. The digital broad-band system reaches its saturation
point at about l cm/s (at 20 s).

With digital data aequisition the dynamic range of the recording system
is arbitrarily high, hence the transfer function of the seismometer should be
as broad as reasonable to record the true ground motion. A special instrumental
characteristic which optimizes the signal/noise ratio in small frequency bands
is not necessary. Thereby the restitution problem is practically avoided, and
arbitrary transfer functions may be simulated by simple digital filters.

Numerical Analysis of Digital Seismic Recordings

A broad-band seismogram is an overall picture of the seismic wave field. The
high dynamic range allows to focus upon special features by digital filters.
These filters can simulate arbitrary seismographs or restitute the true ground
motion. Figure 10 ShOWS the mathematical formulation of the Simulation for
arbitrary seismometer-galvanometer eombinations applying the z-form method
(Kaiser, 1963). The continuous system with the transfer function G (s) transforms
the broad-band seismogram x(t) into the simulated seismogram u (t). A discrete
description of this continuous transfer function is obtained by the use of the
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Fig. 11. Analog seismogram recorded by a long-period seismometer-galvanometer system (31:20 s.
nlüü s, hszhg:l.0) and corresponding seismogram filtered from the digital broad-band data
(lowermost line) for a Jan-Mayen earthquake on April 16, 1975 (Origin Time 01:27:18.7, latitude
71.5°N, longitude 10.4“W, mb=6.l)

bilinear z-transform which is ideally adapted t0 digital systems. The inverse
transformation into the time domain yields a cascade recursive filter. The filter
coefficients depend on the instrumental parameters (free period, damping) of
the broad-band seismograph and the simulated seismometer-galvanometer sy-
stem. A detailed description of the Simulation and restitution problem for broad-
band seismograms will be published in a subsequent paper.

The aeeuracy of the filter method is demonstrated in Figure 11. The seismo-
gram on the bottom of this picture ShOWS the digital broad-band recording
whilst the uppermost seismogram is an analog record of a long-period seisrnome-



|00000534||

522 H.-P. Harjes and D. Seidl

0° |5
KURILE ISLANDS JAN/20/1977 MB=4.5 A =79.6°

n-nnn'nuprr'rr- "'°"'Fr'rr-oßrnnn'_f

*

wlBEZZ-fi-w. ‘v—
i
W.WM

W,“BEZ 3WM‘MWW‘WNW‘M

MMBEZ
6W.WWMQW w

M.”B EZ AW.WW.WWWAM

MJWB E Z BW.WWWWM.WWWWJZW

W:W

BEZ CWIMWWCWWAW

i
HWWWM

WWMWMW‚AW‘VJ‘VI‘mfi'.‘|JIM.“”W „km-WMQMM m
4 4

E “mm/Ww

3
T

M

c1) LRSM-RECORDING

_\/___

[08:14:30 loe;14;4o loa;14;so
b) BRODBAND RECOR DING

loa:14;30 '08214240 Ioa;14;50
C) FILTERED DIGITAL TRACES

Fig. 12. a LRSM-recording at GRF of a weak teleseismic event; b Digital broad-band recording;
c Digital filtered traces and beam

ter-galvanometer system (T8:203, Tg:100s‚ hs:hg= 1.0). This is found to com-
pare precisely with the digitally simulated seismogram in between both recor-
dings.

Filtering digital broad-band seismograms can also help to avoid one particu-
lar disadvantage of conventional analog wide-band recordings, namely its poor
detection capability. Figure 12a shows a small Kuril-earthquake (mb:4.5) recor-
ded with the LRSM-array at GRF. The event is near the detection level of
this very sensitive instrument (maximum magnification 200 k for 0.35, seismome-
ter distance about 2 km). Because of the visual coherency of the P-onsets and
a signal/noise ratio improvement in the summed trace (Z) the event is olearly
discernible. On the contrary it is hidden in the broad-band recording for the
same time interval (Fig. 12b). One can use the filter technique of figure 10
to simulate the LRSM—Characteristic. Figure l2c shows the result of an approxi-
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mate Simulation by simple band-pass filtering. The weak event is easily detected
even if it is about 40 db below the noise level. There is a higher signal/noise
ratio in the beam of the three instruments (lowermost seismogram) of the
northern subarray (see Fig. 1) than in the summed trace of 8 analog short-period
seismometers.

This example shows that broad-band instruments with floating-point amplifi-
cation at least arrive at the same detection level as short-period conventional
sensors. Of course the purpose of a broad-band array is to avoid the Signal
distortion of simple frequency filters by separating the Signals with wavenumber
filtering techniques. Nevertheless this new data acquisition system has demon—
strated a possibility to escape the trade-off between low detection level and
wide-band recording.

Conclusion

Digital broad-band data acquisition is the appropriate concept to record a
wide spectral and amplitude range of teleseismic Signals. The digital data base
can be used to simulate arbitrary seismographs and to investigate the frequency
dependence of earthquake mechanisms and path effects.

Some basic seismological parameters, like magnitude, will also get a clearer
meaning by the evaluation of broad-band recordings.
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ETH Hönggerberg, CH—8093 Zürich, Schweiz

Abstract. Acquisition of isothermal remanent magnetization (IRM) and
the behaviour of IRM during high and low temperature treatment indicate
that magnetite, goethite and minor quantities of hematite determine the
magnetic properties of the Upper Jurassic limestones in Southern Germany.
The direction of natura] remanent magnetization (NRM) of magnetite is
of detrital, synsedimentary origin, whereas the goethite, although its NRM
is extremely stable against AF cleaning, has been magnetized only partly
during the Jurassic. Part of the goethite NRM is interpreted to be of Tertiary
(pre-Upper Miocene) age being formed during a period of Karstification
in the Lower Tertiary. The apparent polarity sequence described earlier
(Heller, 1977) is not of Jurassic age.

Key words: Rockmagnetism — Palaeomagnetism — Limestones.

l. Introduction

Recently the palaeomagnetic record preserved through a 160 m thick Late Juras-
sic limestone sequence from Southern Germany (Franconia, Swabia: Lat. N:
49°, Long. E: 11°) has been described (Heller, 1977). The well bedded, shallow
water marine sediments do not show signs of major sedimentation breaks or
essential later folding and seemed therefore to be suitable for the development
of a reversal stratigraphy during the Oxfordian to Lower Kimmeridgian (Malm
oc—ö), the time when the limestones were deposited.

Only normal polarities have been observed in the older part of the section
(Oxfordian) and the older portion of the Lower Kimmeridgian (Malm oc—y).
Thus a period of normal polarity of the geomagnetic palaeofield could be
established which lasted at least about 6my. The younger part. of Lower
Kimmeridgian limestones (Malm ö) contained many reversely magnetized

* Contribution No. 202, Institut für Geophysik, ETH Zürich
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samples and yielded a polarity stratigraphy which tentatively has been
correlated with the Mesozoic oeeanic magnetic anomalies M25—M24 (Larson
and Hilde, 1975).

During the previous work the interpretation of the stable remanence, and
therefore the palaeomagnetic significanee of the data, remained ambiguous t0
a certain extent. The purpose of this paper is to establish the significance of
the palaeomagnetic record by rockmagnetic studies as well as optical, electron
microprobe and X—ray analysis of the ferromagnetic minerals contained in the
limestones. Five characteristics of the magnetic stratigraphy need t0 be discussed
in the light of an improved knowledge of the rockmagnetic properties of the
limestones.

1. The palaeopole position of the normal polarity sequence differs from
that of the mixed polarity sequence, the latter being very close t0 European
Tertiary palaeopole positions. The statistically significant differenee was previ-
ously interpreted as possibly resulting from apparent polar wandering, but it
could not be ruled out that the type and time of acquisition of the stable
remanence were different in the upper and lower part of the section. The magne-
tization in the higher portion perhaps originated more recently than the time
of deposition of the sediments.

2. Occasionally within the mixed polarity sequence normally magnetized
as well as reversely magnetized individual specimens have been found in the
same sample. What kind of magnetization process caused this curious directional
behaViour of the remanence?

3. Two closely neighbouring sections (Heller, 1977, Fig. 6), situated in the
mixed polarity zone and exposing exactly the same stratigraphic limestone se-
quence, d0 not yield exactly corresponding reversal patterns. There are several
limestone beds in the two sections in which different remanence polarity has
been observed at nearly the same stratigraphic level within one bed. This, of
course, could be ascribed t0 a high reversal frequency of the palaeofield, but
the complexity of the reversal pattern which is generated when plotting a com-
bined polarity profile, casts doubt on whether the stable remanence actually
was acquired at the same time in both sections.

4. The initial natural remanent magnetization (NRM) intensities are very
weak. They average around 2x10‘7. Gauss and depend on the stratigraphic
position or, what turns out t0 be equivalent, on the limestone facies. At the
bottom of the section which is shown in Figure l, marls and marl-rich limestones
(Malm oc(+ß)) are predominant. They have the highest initial NRM intensities
of the order of l><10_6 Gauss. Proceeding into higher parts of the profile
the limestone facies changes t0 very pure micritic limestones (Malm ß—y). At
the same time the NRM intensity deereases gradually t0 a value of about
6 >< 10"8 Gauss. The youngest portion of the section Showing mixed polarities
of NRM directions is built up by a sponge faeies known as bafflestones (Wilson,
1975). These limestones (Malm ö) have a slightly increased NRM mean intensity
of about 2><10"7 Gauss. The correlation between facies and NRM intensity
is eertainly related t0 varying intrinsic rockmagnetic properties of the limestones,
as the formation of the ferromagnetic minerals depends on the syn- or postdepo-
sitional environment of these sediments.
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5. Within the mixed polarity sequence zones of marl deposition are found
especially in Swabia. These marl beds are always normally magnetized, whereas
the under— and overlying bafflestones carry mixed polarities of stable remanence.

In order t0 elucidate the problems and questions raised above, the following
experiments and investigations have been carried out.

2. Rockmagnetism

2.1. Magnetic Identification of Ferromagnetic Minerals

The limestones contain only very small amounts of ferromagnetic minerals,
their weight percentage ranging up t0 about 0.05%. Dissolution of the limestone
matrix by means of diluted formic acid and subsequent heavy liquid separation
unfortunately did not yield enough material for thermomagnetic analysis. There-
fore all the rockmagnetic studies had t0 concentrate on the characteristics of
remanent magnetization, measured in standard one-inch solid rock speeimens.
Besides AF demagnetization of natural remanence, acquisition curves of isother-
mal remanent magnitization (IRM) have been measured at a constant tempera-
ture 0f0° C in fields up t0 50 kOe using a superconducting magnet. Furthermore,
the temperature dependence of IRM measured in zero field has been Observed
by using a modified Digico Spinner magnetometer (Heiniger and Heller, 1976).
This magnetometer enables continuous measurement of the remanence vector
between liquid nitrogen temperature and 700° C. Some additional temperature
dependent measurements have been made on IRM acquired at liquid nitrogen
temperature. Typieal results obtained from the different limestone facies types
will be described in the following sections.

Marl-Rich Limestones. Figure 2 presents rockmagnetic data of a marl-rieh lime-
stone sample. During AF demagnetization of NRM (Fig. 2a) in fields up t0
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Fig. 2a—e. NRM and IRM characteristics of a marl—rich limestone sample (JBR 410A) containing
magnetite. a AF-demagnetization of NRM intensity. b IRM acquisition at T=0° C and resulting
coercivity spectrum. c Cyclical behaviour of room temperature IRM during low temperature treat-
ment. d Continuous thermal demagnetization of IRM during heating. e Behaviour of low tempera-
ture IRM (given at T= —— 196° C) on re—warming t0 room temperature

800 Oe a large soft component is removed by a peak field of 200 Oe. Above
this field amplitude a small, but stable component remains. Only minor direc—
tional changes of NRM are observed during AF cleaning.

IRM acquired in fields up t0 45 kOe (Fig. 2b) increases rapidly up t0 4 kOe.
Above 4 kOe the curve has a very low gradient and seems to saturate at the
highest field amplitudes available. According t0 Dunlop (1972) this type of
curve represents magnetite as the main carrier of IRM with a small additional
contribution to the IRM by a high coercivity mineral which usually is suggested
t0 be hematite. As we will see later, it is probable that the high coercivity
part of IRM is carried by goethite.
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During cooling (Fig. 2c) the IRM intensity increases very slightly until
— 150° C where about 15% of the magnetization are lost upon further cooling.
On re-warming t0 room temperature the original magnetization is fully recovered
Showing a sharp increase in intensity which starts around — 150° C. The observed
thermal hysteresis is caused by the large sample size (volume: 11.4 cm3). The
observed low temperature transition can be attributed t0 the K1 zero-transition
of almost pure magnetite and agrees with the interpretation of the IRM acquisi-
tion curve in which most of the magnetization is acquired below 4kOe due
t0 the presence of magnetite. The reversibility of the cooling and re-warming
cycle as well as the high percentage of magnetization which is not affected
by the low temperature treatment may indicate that the magnetite grain size
is very small and the IRM is essentially carried by single and pseudosingle
domain grains of magnetite (Merrill, 1970).

The same conclusions can be drawn from Figure 2e where the IRM—ac-
quired at liquid nitrogen temperature—of another marl-rich limestone has been
plotted as a function of temperature on re-warming t0 room temperature. Again
part of the magnetite magnetization is lost during the K1 transition at around
—150° C. Upon further warming the intensity of magnetization decreases
slightly. As the experiment was done in zero field and as the room temperature
IRM does not change during cooling (Fig. 20), the decrease can be attributed
mainly t0 a change from the ferrimagnetic t0 the superparamagnetic state of
a small percentage of magnetite particles contained in the sample. Therefore
this experiment confirms that the grain size distribution covers mainly single
domain grains, the magnetization of which is not affected by the 10W temperature
treatment, pseudosingle domain grains, which reversibly ShOW the transition
effect, and even superparamagnetic grains at room temperature. Subsequent
heating of IRM t0 high temperatures (Fig. 2d) yields an uppermost blocking
temperature Tbmax; 550° C which again can be interpreted as being due t0 almost
pure magnetite. The low and high temperature curves of IRM d0 not allow
the positive identification of the high coercivity magnetic mineral.

Micritic Limestones. Typical data for a micritic pure limestone sample are given
in Figure 3. NRM is almost stable against alternating demagnetizing fields up
t0 800 Oe (Fig. 3a), but the demagnetization curve is zigzagged between 50 Oe
and 300 Oe. These intensity fluctuations which are not accompanied by direc-
tional variations of the remanenee vector, arise from a strong temperature
dependence of magnetization (cf. Fig. 3c and d) rather than from spurious
magnetization processes during cleaning. Therefore during the various steps
of IRM acquisition all the samples were kept at constant temperature T20° C
(ice water) t0 avoid irregularly shaped magnetization curves.

As demonstrated in Figure 3b, the sample acquires only a very small IRM
component in DC fields below 10 kOe which possibly may reside in a negligible
amount of magnetite present in the sample. Most of the magnetization is ac-
quired at fields higher than 15 kOe and saturation is not reached even at H:
45 kOe. The coercivity spectrum of IRM therefore is dominated by high field
components.

The low temperature curve of IRM (Fig. 3C) shows a very peculiar intensity
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Fig. 3a—d. NRM and IRM characteristics of a micritic, pure limestone sample (JCT 723 A) contain-
ing goethite. For the significance of Figure 3a—d see Figure 2a—d

increase during cooling which is reversible on re-warming t0 room temperature
except that again thermal hysteresis is observed. As IRM is acquired at T:O° C
and measured in zero field during low temperature treatment, the drastic inten-
sity change (amounting t0 about 3% per °C) must be due t0 a strong temperature
dependence of spontaneous magnetization. Subsequent heating of IRM (Fig. 3 d)
ShOWS a maximum blocking temperature Tbmaxg700 C. Above this temperature
essentially n0 remanent magnetization is left.

The high stability during AF cleaning, the extremely high coercivity spectrum
of IRM and the low maximum blocking temperature suggest that goethite,
the oc-form of iron oxyhydroxyde (FeO OH) is the most important ferromagnetic
mineral in the micritic limestones. It should be mentioned that a few micritic
limestones have been found which possess maximum blocking temperatures
as high as Tbmax2610° C. They may correspond t0 the presence of hematite
which formed by oxydation from a pre-existing goethite.
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Limestones With Reduced Clay-Content. The facies change from marls and marl-
rich limestones to pure micritic limestones, which causes a reduction in NRM
intensity (Fig. 1), occurs rather gradually. Figure4 ShOWS the characteristics
of the rockmagnetic parameters investigated in a sample originating from this
zone of facies transition. As in the previous example of a marl-rich limestone
a high percentage of NRM is removed without directional change by AF cleaning
up t0 300 Oe (Fig. 4a). The remaining component is stable even in a peak
field of 3000 Oe. Again intensity fluctuations are Observed during the Cleaning
procedure which are due t0 the temperature sensitivity of goethite present in
the sample. The IRM acquisition curve (Fig. 4b) reveals a significant amount
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Fig.4a—d. NRM and IRM characteristics of a limestone sample (JBR 570A) containing both
magnetite and goethite. For the significance of Figure 4a—d see Figure 2a—d
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of magnetite, indicated by the sharp initial increase and subsequent saturation
of magnetization up t0 4 kOe. Again between 10 kOe and 15 kOe IRM starts
t0 increase. Saturation is not observed, although the curve gradient flattens
off at the highest fields available. Corresponding t0 these Observations the
eoereivity spectrum of IRM has two peaks, one being situated between 0 kOe
and 5 kOe and the other sitting on top of a widely distributed spectrum at
15 kOe t0 30 kOe. This broad spectrum probably indieates a large range of
grain sizes of goethite and may arise from different degree of crystallization
of this mineral.

The presence of goethite is recognized in the increase of IRM intensity
during eooling in zero field (Fig. 4c), whereas the magnetite low temperature
transition is only vaguely indicated by a flexure in the IRM(T) curve just
below —150o C. Before heating (Fig. 4d) the sample was first given an IRM
in a field of 45 kOe, and then given an IRM in a 10 kOe field in the antiparallel
direction. Thus the maximum blocking temperatures of goethite and magnetite
could easily be separated (Fig. 4d). Magnetite has a T‚max; 550O C which is
very near t0 that of pure magnetite and the maximum blocking temperature
of goethite can be determined t0 be Tbmaxä 90° C.

Bafflestones. The third main type of limestone faeies are the bafflestones. Their
rockmagnetic parameters are very similar t0 those of the micritic limestones.
The ferromagnetic mineralogy is dominated by goethite, occasionally hematite
and minor amounts of magnetite. The NRM intensity (and direction) often
does not change during AF cleaning as shown by the sample of Figure 5a.
In the course of IRM acquisition only a high eoercivity phase is detected in
this sample (Fig. 5b). The strong reversible Change of IRM intensity during
low temperature treatment indicates the presence of goethite only (Fig. 50),
and low temperature transitions due t0 magnetite or hematite have not been
found. During heating (Fig. 5d) we recognize that 70% of the magnetization
is carried by goethite whose maximum blocking temperature lies around Tbmx ä
90° C. The rest of remanence is due t0 hematite with TbmaX1‘_—“635° C. The Morin
transition is not found during low temperature treatment, because either the
hematite grain size is too small or the transition is suppressed due t0 the
presence of impurity ions in hematite.

2.2. Thermal Treatment 0f Goethite

It has been demonstrated by Dunlop (1972) that a remanence coercivity spectrum
can be derived from IRM acquisition curves simply by plotting the increment
AJ of isothermal remanence in intervals AH of a certain width of the applied
field H. Dunlop also showed how Changes of the coercivity spectra obtained
during heating can be interpreted in terms of changes in the ferromagnetic
mineralogy. This technique has been applied t0 a bafflestone sample which
initially contained goethite as the only ferromagnetie mineral. The coercivity
spectra (increment AH: 5 kOe, AH:1 kOe for Hg 5 kOe) obtained after heat-
ing t0 stepwise increased maximum temperatures are given in Figure 6. The
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Fig. 5a—d. NRM and IRM characteristics of a bafflestone sample (JDW 017 AB) containing goethite
and hematite. For the significance of Figure 5a—d see Figure 2a—d

IRM intensity deeay during each heating cyele (heating rate always dT/dt:
10° C/min) has been measured continuously and plotted in Figure 7. After having
attained the maximum heating temperature the sample always was allowed
t0 immediately cool down t0 room temperature again.

Before heating (T: 0° C) we observe a broad coercivity spectrum which
has a maximum between 5 kOe and 20 kOe (Fig. 6a). The maximum blocking
temperature is about 60° C (Fig. 7a). After heating t0 Tmax=90° C the shape
of the coercivity spectrum as well as the maximum blocking temperature Change
very little (Figs. 6b and 7b), but the intensity of magnetization is increased
by about 50% of the initial IRM produced by H: 50 kOe. The intensity increase
possibly is caused by grain size growth of very small (superparamagnetic?)
goethite particles dispersed throughout the sample and/or by advancing crystal-
lization of poorly crystalline material due t0 modest heat treatment. Heating
t0 Tmax 2225° C does not affect the magnetic properties of the sample essentially;
also its colour remains white. After heating to Tmax:310° C major changes
occur. They are due t0 dehydration and decomposition of goethite which starts
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Fig. öa—g. Coercivity spectra of IRM of a goethite containing bafflestone sample (HU 019 A) ob-
tained after heating t0 stepwise increased maximum temperature. Note change of scale in Figure 6g

arround 290° C (Hedley, 1968). The colour of the limestone begins t0 redden.
The reddish colour is observed only in the bafflestones which before heating
obviously contain finely dispersed iron-hydroxides. These are converted during
heating t0 very fine grained hematite which causes the colour change. Thus
the suggestion made by Lowrie and Alvarez (1977) that hematite formed by
dehydration of goethite in the Scaglia Rossa limestones from Italy, is supported
by the observed colour changes. The former coercivity spectrum breaks down
having a well developed maximum now at fields H < 5 kOe, but fields
5 kOe<H< 50 kOe still contribute about half of the IRM (Fig. 6d). The finer
AH increments (dotted lines in Fig. 6d—g) show the beginning development
of a magnetic mineral phase having a coercivity Her; l kOe. The IRM intensity
is reduced by a factor 5 and therefore, although the sample appears reddish,
hematite does not seem t0 contribute very much t0 the remanence probably
because its grain size is very small. Upon further heating we see a kink in
the IRM decay curve around 70° C (Fig. 7d) which indicates that some goethite
still has survived, but the main part of IRM is associated with higher blocking
temperatures. Heating t0 Tmax=424° C does not reach the maximum blocking
temperature of this IRM, but it turns out that after this heating cycle the
IRM intensity decreases even further. The colour of the limestone still is red
and the subsequent IRM acquicisiton curve saturates at H: 30 kOe (Fig. 6e).
Thus the coercivity spectrum begins t0 shorten. The magnetization component
which has a coercivity Hergl kOe shows a very slight decrease. Subsequent
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heating (Fig. 7e) does not ShOW signs of goethite magnetization components,
but the uppermost blocking temperatures seem t0 be reached around 500° C.
This heating cycle up t0 Tmax2555° C restricts the coercivity spectrum t0
0< Hcr g 10 kOe with a definitely increased low coercivity component (Fig. 6f)
which now carries the main portion of IRM. The colour of the sample becomes
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grey with some small patches on the surface still being red. After heating t0
Tmax : 665° C another drastic change of the magnetic properties becomes evident.
There is n0 further colour change, but the IRM intensity has increased by
a factor 20 (Fig. 6g; ordinate with enlarged scalel); nearly 100% of the magne—
tization are held by a magnetic phase which has a coercivity HergZ kOe. The
maximum blocking temperature is found t0 be Tbmax2540° C (Fig. 7g).

It is evident from these experiments that not only hematite is formed by
thermal destruction of goethite. At temperatures below 300° C goethite is the
only ferromagnetic mineral present in the limestone sample. Figures 6d and
e and 7d and e show that between 300° C and 450° C probably hematite is
forming and partly contributing t0 the IRM, as the component with
10<HcrgZO kOe increases and at least part of the high coercivity component
of IRM is due t0 a magnetically hard mineral with blocking temperatures
well above 100° C. The carrier of the low coercivity component formed within
this temperature range cannot be positively identified from the measurements.
Because heating t0 424° C reduces the intensity of this component slightly,
possibly maghemite was formed after heating t0 310° C and is going t0 be
destroyed upon further heating. Its formation during oxidation of goethite was
also noted by Kelly (1956). But it cannot be excluded alternatively that possibly
magnetite is responsible for this portion of IRM. Heating t0 tempera-
tures >500°C causes magnetite t0 constitute. Evidence for magnetite comes
from the intensity increase of the low coercivity component by one t0 two
orders of magnitude, from the coercivity spectrum reduction to HergZ kOe,
from the maximum blocking temperature being about Tbmax=540° C and from
a faint indication of a low temperature transition at — 150° C during low temper-
ature treatment. The formation of magnetite at these relatively low temperatures
(beginning around 550° C) is unusual (cf. Dunlop, 1972), but it is probably
due t0 the large amount of organic compounds contained in the bafflestones
which decompose upon heating and create reducing conditions in the sample
at higher temperature.

3. Non-Magnetic Identification of Ore Minerals

3.1. Ore Microscopy

Ore microscopic studies reveal the presence of several opaque minerals whose
occurrence depends on the facies type of the limestones. N0 ore mineral—espe-
cially n0 magnetite—could be identified in the Oxfordian marl-rich limestones.
In the micritic limestones weakly reflecting, grey goethite has been observed.
The grains predominantly have idiomorphic t0 hypidiomorphic (cubic!) shape
(Fig. 8b) and it seems that they have replaced pyrite which also is found at
places in this part of the section. These goethite grains range in size between
10 um and 1000 um. Small brightly reflecting patches within the larger goethite
grains and red internal reflections along the grain margins indicate that they
have been partly altered t0 hematite. The bafflestones contain very irregularly
shaped (Fig. 8a) goethite grains of various size (10 um to 100 um) which often
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Fig. 8.3 Irregularly shaped goethite,
probably concentrated around a
fossil relict. Bafflestone sample (HU
018 D).
b Regularly shaped goethite (grey)
which has replaced pyrite. The
brighter patches within goethite
indicate oxidation. Micritic
limestone sample (JBH 085 AA)
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seem t0 be oxydized t0 hematite more strongly than in the micritic limestones.
Usually these goethites occur in the close neighbourhood of fossil fragments.

3.2. Electron Mz'croprobe cmd X-Ray Analysis

Tablel gives the results of micr0pr0be analysis. N0 other cations such as
Ni, C1", Mn, A1, Ca, Mg have been detected. The iron contents of pyrite and
“idiomorphic” goethite are very near t0 stoichiometry für pure F632, and
F60 OH, respectively, whereas the iron content of the irregularly shaped goethite
is slightly reduced. A11 the goethites contain a 5mal] amount of Silica up t0
2 wt% für single point analyses. Sulphur is absent in the “idiomorphic” goethite
suggesting a thorough oxidation of pyrite which probably preceeded this type
of goethite.

Heavy mineral extracts taken from a marl—rich limestone and two bafflestone
samples yielded useful X-ray powder photographs only for the bafflestones.
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Table l. Microprobe analysis of ore minerals. Elements analyzed: Fe, Si, S; N denotes number of
analyses

Limestone facies, mineral N Fe wt% Si wt % S wt%

Micritic limestone, ‘idiomorphic ’ goethite 33 63.14 i 1.11 1.65 i 0.40 —
Micritic limestone, irregular goethite 4 58.77 i 1.86 1.76 j; 0.08 —
Bafflestone, irregular goethite 30 58.27 i 2.49 1.70 i 0.19 —
Baffiestone, pyrite 9 46.40 i 0.37 0.04 i 0.03 52.16 i 1.29

Table 2. Lattioe constants of orthorhombic goethite (oc—FeOOH)

Sample a (Ä) b (Ä) c (Ä) Camera T (°C)

HU 003 4.618i0.002 9.969i0.003 3020:0001 Jago 20
JDW 027 4.618i0.004 9971350005 3.019i0.001 Jago 20
JDW 027 4.610i0.007 99671—0011 3.019i0.002 Simon 20
JDW 027 4.601 i0.005 9.959i0.006 3.017i0.002 Simon — 150

These photographs obtained with a Guinier fooussing oamera (Jagodzinski type)
using Si as internal standard, again showed goethite as the only ferromagnetic
mineral to be identified. Broad diffraction lines indicate poor crystallization
of the material. The lattioe oonstants are given in Table 2. The table also includes
lattice parameters of goethite which have been measured with another Guinier
camera (Simon type) at room temperature as well as at low temperature (—
150o C) in order to find out if there is a correlation between cell constants
and magnetic properties of goethite during low temperature treatment. The
data given in Table 2 agree closely with the values published by Sampson (1969)
on synthetic goethite and indioate a trend to slightly reduoed lattice oonstants
at low temperature.

4. Discussion

4.1. Physical Properties of Goethite

Goethite is known to be antiferromagnetic with a weak ferromagnetism superim-
posed (Strangway et al.‚ 1968; Forsyth et al.‚ 1968). Hedley (1971) suggested
that the ferromagnetism is due to spin imbalance between the antiferromagnetic
sublattices caused either by vacancies or faults in the crystal structure or by
impurity ions entering the lattice.

The extreme stability of NRM against alternating demagnetizing fields up
to 3000 Oe (Fig. 5) as well as the spectra of very high coeroivity of IRM observed
in the goethite containing limestones support Hedley’s idea that the ferromag-
netic magnetization shares the strong antiferromagnetio anisotropy. The maxi-
mum blocking temperatures range between 55° C and 95° C. If we assume
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that the maximum blocking temperatures coincide with the corresponding Neel-
temperatures, then these relatively low temperatures point t0 poorly crystallized
material (Hedley, 1971). This is in agreement with the X-ray examination where
broad diffraction lines have been observed. We have noted a small amount
of Si in our goethites (Table 1). Therefore the goethite ferromagnetism could
be caused by imbalance due t0 Si impurities, but it is not clear how Si enters
the lattice non-randomly. We see on the other hand in Table 1 a higher Fe-
content (63.1 WtO/o) which is near t0 stoichiometry of the pure mineral, in
the “idiomorphic” goethite compared t0 a slightly reduced iron content
(58.5 WtO/o) in the irregular goethite. The NRM and IRM intensities of sediments
containing “idiomorphic” goethite generally are reduced by a factor 5 compared
t0 the limestones with irregular goethite, which may imply that vacancies play
a röle in the stronger magnetization of the irregular goethites.

It is difficult t0 encounter the mechanism which causes the observed ferro-
magnetism in the goethite because of uncertainties about the degree of crystalliza-
tion and oxidation state of the material which in small Clusters may be altered
t0 hematite. The trend t0 a lattice contraction at low temperature may aceount
for the strong temperature dependence of spontaneous magnetization (increase
of IRM with decreasing temperature in zero field), but a quantitative explanation
cannot be given before a better knowledge of the chemical and structural prop-
erties of these goethites has been achieved.

4.2. Magnetization Process

We have described in the previous chapters that mainly two phases—magnetite
and goethite—dominate the ferromagnetic mineralogy of the limestones. The
processes by which these minerals acquired their NRM, are different.

The marls and marl-rich limestones have been deposited during times of
increased influx of mud suspensions (v. Freyberg, 1966). Rockmagnetic studies
revealed the presence of single— t0 pseudo-single domain magnetite in these
sediments. As the grainsize of magnetite is very small, optical identification
and separation methods failed. The fine grainsize on the other hand allowed
magnetite t0 be carried within the mud suspensions and t0 be aligned during
or shortly after deposition so that a detrital remanence (DRM) has been acquired
by the magnetite. The mean NRM direction of the marls and marl-rich lime-
stones (Table 3, Malm oc + ß) confirms a detrital, synsedimentary origin of natural
remanenee, because the resulting virtual geomagnetic pole position (VGP : =68°
Lat.N; 130° Long.E) has been found t0 coincide closely with the European
Late Triassic palaeopole (cf. Heller, 1977; Fig. 8). The same close agreement
has been observed between Late Triassie and Jurassic palaeopoles in North
America (Steiner and Helsley, 1972).

When swells became active in the sedimentation basin, the influx of clastic
material stopped t0 a large extent. Consequently magnetite is of little importance
for the magnetic properties of the pure, micritic limestones and the baffiestones.

There are at least two time periods when goethite acquired the natural
remanence. From ore microscopic observations we have recognized two goethite
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Table 3. Mean directions of stable remanence and virtual geomagnetic pole positions (VGP) derived
from the Late Jurassic limestones of Southern Germany (site Lat.N: 49°, Long.E: 11°)

Malm Number Direction of NRM VGP position
Subdivision of samples

D I 0:95 Lat.N Long.E

Ö 125 l3 62 5 79 124
y 48 31 51 8 62 122
oc+ß 79 23 53 5 68 130

types. The first type oecurring mainly in the micritic limestones has pseudoidio-
morphic shape which suggests formation by alteration from pre-existing pyrite.
For the timing of this oxidation process which produees a Chemical remanent
magnetization (CRM), we may use the same arguments as for the magnetite
DRM. The mieritic limestones have the same stable mean direction (Table 3;
part of Malm ß and Malm y) as the marls and marl-rich limestones. On this
basis we conclude that the alteration must have taken place soon after deposition
of these sediments and that this CRM may also be of Jurassic age. This on
the other hand implies that the redox potential of the sediments ehanged early
during diagenesis into more oxigenated conditions.

The other goethite type found predominantly in the bafflestones is irregularly
shaped. Apparently it did not form by alteration from pyrite. But still a Jurassic
NRM direction could be expected since goethite could precipitate from iron
solutions under certain redox conditions (Schellmann, 1959; Stumm and Mor-
gan, 1970) perhaps dependent on the oxidation of organic matter a lot of
which has been available in the bafflestones, and it may form irregularly shaped
crystals in the neighbourhood of fossil relicts. But we have noted (Table 3;
Malm ö) that the stable mean direction of the bafflestones differs significantly
from that of the older members of the limestone sequenee. This NRM is aligned
very near to a Lower Tertiary European field direetion and has been interpreted
previously to reflect apparent polar wander setting in with the beginning of
the middle Lower Kimmeridgian. This interpretation required a sudden and
rapid polar movement starting between Malm y and Malm Ö. In View of the
rock magnetic information for these bafflestones this interpretation must be
revised.

The NRM of the bafflestones probably has a post-sedimentary, secondary
origin, possibly eonnected to Karst formation and red soil development which
started during the Lower Cretaceous and reached its elimax during the Eocene
and Miocene (Birzer, 1939). During this process goethite, if it existed, and
other iron minerals were dissolved, and iron-hydroxide (re)-precipitated from
iron solutions which penetrated the bafflestones from the land surface. Such
an interpretation would easily solve the problems invoked in the introduction.

We can place a lower limit to the age of NRM of the limestones. We
have taken samples from an outcrop situated near to the main fault which
separates the limestone basin from the Bohemian massif. The steeply dipping
limestone layers are overturned here and a magnetization direction which eoin-
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cides with the NRM directions measured elsewhere, can only be obtained by
repositioning to the original horizontal position. As the faulting took place
certainly before Upper Miocene (Bauberger and Cramer, 1961), the age of
NRM must be older than Upper Miocene.

During the period of Karstification the upper parts of the limestones have
been eroded and iron contained in the sediments was dissolved when the ground-
water level was lowered down (Birzer, 1939). The iron solutions which led
to iron ore deposits on the Eooene land surface, also penetrated the underlying
limestones where precipitation and, as we see in polished sections, conoentration
of goethite took place preferentially in the neighbourhood of fossil relicts the
remaining organic material of which supported the crystal growth of ironhydrox-
ides. Reoipitation and crystal growth of goethite does not necessarily occur
contemporaneously throughout a limestone bed, as they depend on factors
like porosity, oontent of organic substances, water content etc. which may vary
locally.

This explains readily the observed occurrence of specimens with different
NRM polarity within the same sample in the baffiestones. Normal and reversed
samples may be found within the same limestone bed at different places, sinoe
the goethite crystals may have grown out of the superparamagnetic into the
ferromagnetic state at different times in palaeofields of different polarity. The
observed polarity sequenoe then no longer can be attributed to a Jurassic field
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reversal sequence, but reflects undatable field reversals of probably Lower Ter-
tiary age. It should be mentioned that the apparent polarity profile is not
changed by thermal demagnetization which was carried out by boiling in water.
After boiling at 100° C the goethite component of NRM has been removed
due to the low maximum blocking temperatures, but where a stable NRM
component still was present after boiling, the direction of NRM remained
unchanged (Fig. 9). This component is due to hematite the magnetization direc-
tion of which is controlled by that of goethite. Thus we find magnetic evidence
that hematite has been formed by dehydration and oxidation of goethite.

In the Swabian section the Malm ö bafflestones are intercalated with marls
and marl-rich limestones which like the Oxfordian facies equivalents always
carry a normal magnetization direction. Whereas the bafflestones themselves have
been magnetized during the Tertiary, this normal magnetization of Malm Ö
marls carrying a synsedimentary DRM probably indicates that the period of
normal polarity of the geomagnetic field lasted during the Lower Kimmeridgian,
too. Following this argument, we may conclude that the younger portion of the
Jurassic quiet zone (Larson and Hilde, 1975) comprises both the Oxfordian and the
Lower Kimmeridgian.
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Palaeosecular Variation Studies Of the Brunhes Epoch
in the Volcanic Province of the East-Eifel, Germany

H. Kohnen and H. Westkämper
Institut für Geophysik der Universität Münster,
Gievenbecker Weg 61, 4400 Münster, Federal Republic of Germany

Abstract. In the Quarternary volcanic province of the Bast-Eifel 46 occurrences
were investigated palaeomagnetically. According t0 radiometric dating, the
volcanic activity covered the past 600,000 years more or less uniformly and is
adequate t0 study the palaeoseeular variation of the Brunhes epoch. The mean
pole position (VGP) of the occurrences investigated follow a Fisherian
distribution. Averaging all pole positions yields 870° N and 692° E (A95 : 48°)
which coincides with the north geographic pole within the limits of error. This
agreement ShOWS that the area as well as the time interval are large enough in
this particular case t0 confirm the axial dipole hypothesis. The angular
dispersion of the VGP: SF =15.1o (angular dispersion of the ancient field) is in
accordance with the models C, E, and M proposed for the palaeosecular
variation of the earth’s magnetic field.

Key words: Palaeomagnetic investigations — Quartenary volcanics of the
Bast-Eifel — Palaeosecular variation — Mean pole position — Angular
dispersion.

Introduction

The Bast-Eifel is part of the Rhenian Mass (Rheinisches Schiefergebirge), which
consists mainly of quartzites, gray-wakes and slates of the Lower Devonian. The
area of young volcanism extends between the rivers Rhine (N, NE), Nette (S, SW)
and Brohl (N, NW) (Fig. 1). The onset of the volcanic activity coincided roughly
with the beginning of the Pleistocene glaciation.

About 70 volcanic occurrences are known in this volcanic province of which 46
sites were palaeomagnetieally investigated during 1976/77. The ages of several sites
based on radiometric and stratigraphic dating, are listed in Figure 2. The
dominating rock types are alkali basalts and among these mainly basanites,
nephelinites, tephrites and phonolites. The time interval of the whole cycle seemed
adequate t0 study the palaeoseeular variation of the Brunhes epoch in this region.

0340-062X/78/0044/0545/soz.20
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Fig. l. Sampling sites in the East Eifel. The angular symbols denote volcanoes which are petrologically
investigated. L basanite; I nephelinite; o phonolite; v tephrite; the circles indicate additional localities
investigated palaeomagnetically during this study. ------ Plio-Pleistocene faults

Of principal interest herein is a comparison of the palaeosecular variation of the
Pleistocene or the Brunhes epoch respectively in the Bast-Eifel with the global
palaeosecular variation.

The Models of Palaeosecular Variation

Different models based on historical Observations of the geomagnetic field and on
theoretical considerations have been deveIOped t0 describe the global pattern and
behaviour of the palaeosecular variation. Any latitudinal dependence of the
palaeosecular variation should be manifest in the angular dispersion of the pole
positions‚ which, therefore, is the quantity of basic importance in all models. The
principles of the models developed so far are briefly outlined below and presented
in F igure 3.

According t0 model A (Irving and Ward, 1964), the palaeosecular variation is
only due t0 a non-dipole component of random direction but constant intensity.
Mode] B (Creer et al., 1959) postulates a wobble of the main dipole following a
Fisherian distribution. Such a latitudinal invariance of the angular standard
deviation of the VGPS is not at all confirmed by experimental data. In Mode] C
(COX, 1962; Creer, 1962), the total angular dispersion is assumed t0 'be a
superposition of angular dispersions, due t0 a dipole wobble (853) and non-dipole
components (85",): S%=Sä+8ä.
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Fig. 2. Radiometric and stratigraphic ages of several quarternary volcanics in the Eifel after Frechen
(1976) and *Schmincke (pers. communication).

Fig. 3. Different models proposed for the palaeosecular variation: A (Irving and Ward, 1964); B (Creer
et al., 1959); C (Cox, 1962; Creer, 1962); D (Cox, 1970); E (Baag and Helsley, 1974a); E„: upper limit of
model E with r = 1;E1:lowerlimitofmode1E with r = 0); and M (McElhinny and Merrill, 1975). See text
for explanation

SN is deduced by using averaged data from the 1965 International Geomagnetic
Reference Field. SD=11° is based on palaeomagnetic measurements on the
Hawaiian lavas, where non-dipole components are supposed t0 be absent (Pacific
dipole window). Model D (Cox, 1970) is prineipally similar t0 model C; SN‚
h0wever, is based on theoretical assumptions. In model E (Baag and Helsley,
1974a), a linear coupling between SD and SN is proposed: S%zSä+SK‚+2r SDSN
(Ogrgl). The values for SD and SN are taken from model C. C and E are
consequently identical for r=0. Model M (McElhinny and Merrill, 1975) is an
extension of model D. However, McElhinny, and Merrill propose a non-dipole
field consisting of two components due t0 different mechanisms in the earth’s
interior. The intensity of the first component is invariant with latitude whereas the
intensity of the second component increases with increasing latitude like the
intensity of the dipole field. This separation is in accord with the investigations of
Yukutake and Tachinaka (1969) Splitting the non-dipole field in a standing and
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drifting part of similar magnitude. Curve M is calculated from:

5%:Sä+(aWD2P+bWN2F) 81%,.

WNF and WDP are terms describing the latitudinal dependence of the com-
ponents of the non-dipole field. SD290, SN=8.25° (non-dipole component at the
equator), a =0.25 and b -—-0.75 (a + b 21) are taken by the authors t0 obtain a best
model fit t0 the present as well as t0 the past non-dipole field.

All models tacitly anticipate an axial geocentric dipole. The time average of
VGPs spanning a period, which is large compared with the secular cycles of the
geomagnetic field, should consequently yield coincidence between the dipole and
the rotational axis. However, a critical review (MCElhinny and Merrill, 1975) of all
palaeosecular investigations of volcanics younger than two million years shows
that 45 % of the VGPs give significant differences between the geomagnetic and
geographic north pole.

Only comprising various investigation areas ofequal latitude yields satisfactory
results. Some ofthe differences may be due t0 the two sources of the non-dipole field
as outlined by Yukutake and Tachinaka (1969). If the magnetic field in the
investigation area is mainly controlled by a great standing part, time averaging over
long periods might not cancel out the differences entirely. McElhinny and Merrill
(1975) argue, that for some areas the period of the volcanic activity might have not
been long enough or insufficiently covered with regard t0 volcanic productivity.
The latter point is particularly important because there seem t0 be cycles of sacular
variation of about 200,000 years (McElhinny and Merrill, 1975). Thus, the crucial
problem also in the present study is, whether the investigation area of only
20 >< 24 km2 is large enough or the time period of approx. 600,000 years is long
enough t0 fulfil the requirements outlined by McElhinny and Merrill (1975).

Field and Laboratory Procedure

Figure 1 shows the sites investigated palaeomagnetically during 1976 and 1977. The
angular symbols denote volcanics with wellknown petrological nature. The circles
represent localities, whose relation t0 distinct centres of eruption are somewhat
speculative. From each site, 6 t0 17 cores each giving 2 or 3 specimens were taken. A
fluxgate Spinner magnetometer (Digico) was used t0 determine intensity and
direction of the magnetization of the specimens. The stability of the natura]
remanent magnetization (NRM) was tested by demagnetizing 2 t0 3 pilot
specimens from each site in alternating fields up t0 56,000 A/m (1 OE 2 80 A/m).
Figure 4 presents typical demagnetization curves, the normalized intensities being
plotted against the peak alternating fields. The stability against demagnetization
increases from curve A t0 D. Curve A represents a magnetically unstable, coarse-
grained phonolite from a lava flow. The maximum may be caused by ambient fields
acting opposite t0 the direction of the NRM during storage. Some of the samples
were able t0 acquire considerable secondary Viscous components when stored for
days or weeks in the earth’s magnetic field or when subjected for a short time t0
small artificial fields as will be shown elsewhere (Böhnel and Kohnen, in
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Fig. 4. Normalized NRM intensity
versus peak alternating field.
A Phonolite (Olbrück, EEL 5),
B Nephelinite (Herchenberg, EEL 24),
C Basanite (Meirother Kopf, EEL 7),
D Tephrite (Krufter Ofen, EEL 32)

preparation). Curve D is obtained from a fine-grained volcanie scoria. Most results
range in between the curves B and C. The differences between the extremes can be
attributed to the grain size variation and are not a Characteristic feature of the rock
types encountered (Böhnel and Kohnen, in preparation). Most of the Viscous
magnetization was erased in alternating fields of only 8,000 A/m to 16,000 A/m. The
directional stability of the remanent magnetization of the pilot specimens was
estimated applying the stability index of Symons and Stupavsky (1974): PSI
=|dr(H)/dH| (rzunit vector of magnetization; H=demagnetizing field). PSI
should be zero in the most stable region but minimum values are usually obtained.
All other specimens were then demagnetized in alternating fields eovering this
region. The site mean direction of the characteristic remanent magnetization
(CARM) was taken from the stable region at alternating fields yielding minimum
oc95 angles of confidence. Best results were obtained at fields between 8,000 and
24,000 A/m.

Results

1. The Mean Pole Positions (VGP)

Taking into account the above selection criteria, the site mean directions, the pole
positions and the precision parameters were calculated from the core means. The
results are listed in Table 1.

There is considerable geological and geomorphological evidence that some of
the sites investigated result from the same volcanie event. Additional proof was
obtained from the site mean directions being identical within the limits ofstatistical
error (F-test). These sites were consequently combined and their relevant results
averaged as indicated in Table 1 resulting in 31 independent volcanic events.
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180°E

Fig. 5. Mean pole positions (VG P) together with A95-ovals of confidence. The average VGP is indicated
by the hexagon

When dealing with palaeosecular variation it is more convenient to use pole
positions than direetions (Cox, 1962) because the VGPs follow a Fisherian
distribution, whereas directions usually follow a non-Fisherian pattern. In
Figure 5, the pole positions are plotted together with the ovals of confidence. The
pole positions scatter around the north geographie pole with angular separations
exceeding rarely 25° to 30°. The distribution appears to be random and can most
likely be attributed to palaeosecular variation entirely. Such behaviour could be
expected, because the cycles of the non-dipole oomponents (z 103 years) and the
dipole wobble (z 104 years) are both shorter than the main volcanic cycle (6 - 105
years). Averaging all VG Ps gives a mean pole at 87.0o N and 69.2° E including with
its A9 5-circle of confidence (A9 5 = 4.8°) the north geographic pole. The agreement is
significant according to the F-test and is in accord with the hypothesis of an axial
dipole.

The distribution of the pole positions around the rotational pole, if uniquely
due to palaeosecular variation‚ should theoretically be Fisherian as pointed out
above. In Figure 6 the latitudinal and longitudinal distributions of the pole
positions relative to the mean pole and relative to the rotational pole are compared
with theoretical distributions. The X2-test confirms that the longitudinal distribu-
tion is significantly (P >0.05) Fisherian in relation to the mean VGP as well as to
the geographic pole. As for the latitudinal values, the agreement is only marginally
significant (P < 0.01). The total number of 31 independent events might be too small
to obtain a reliable information from the X2-test with regard to the longitudinal
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Fig. 6. Latitudinal (left) and longitudinal (right) distribution of the pole positions (block diagram)
compared with the theoretical (Fisherian) distribution in relation t0 the average VGP (above) and
the north geographic pole (below)

variation (Baag and Helsley, 1974b). Excluding the pole position of the Olbrück
lava (EEL 5), located at 52.6o N, 33.9o E, would yield, for instance, significant
agreement (P>0.05). We may, therefore, assume that the scatter of the pole
positions is not in contradiction t0 a Fisherian distribution.

2. 771€ Angular Dispersion

The quantity of principal interest in the study of palaeosecular variation is the
angular dispersion of the VGPs which can be expressed as total standard deviation
ST or Fisher’s precision parameter KT, being related by S%=2/KT; (KT=(N
—1)/(N—R)) for small angular dispersions. K is not used because of the
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Table 2. Angular dispersion parameters of VGPs. ST: total standard deviation; SW: within-site
standard deviation; SB: between—site standard deviation; SA: standard deviation due t0 local
magnetic anomalies (estimated according to Doell and Cox, 1963); SF: standard deviation due t0 the
ancient geomagnetic field; SF“ and SF 1: upper and lower confidence limits of SF (tabulated in Cox,
1969). The experimental error and the errors due t0 tilting are estimated t0 be 4.1° and 2.6°
respectively, both are included in SW

ST SW SB SA SF SFu SFI

rel. t0 mean VGP 15.l° 8.2° 14.9° 1.8° 14.8° 18.0° 126°
rel. t0 geogr. pole 15.4° 8.2° 15.2° 1.8° 15.1° 18.3° 12.8°

approximate nature of this relation. The total standard deviation is computed
from:

1 .
S%=(N—1)

1261.2

(N= 31 : number of independent volcanic events, ö, : angular separation of the i—th
VGP from the mean pole position or from the geographic north pole). Sä comprises
the between-site dispersion 812, and the within-site dispersion 83V (Cox, 1969):

Sä=Sä+Säfii

fi( = 12.9) is the weightened average number of cores per site (Watson and Irving,
1957). Sä, is computed from the within-site precision parameter of directions
(Watson and Irving, 1957; Cox, 1970). The between-site dispersion results primarily
from the ancient secular variation but still includes a small component due to local
magnetic anomalies existing when the lava cooled:

Sg=Sfi+Sj

(F =ancient field; A =local anomalies). Following Doell’s (1972a and b) sugges-
tions and analysis, it is preferable to use SB and/or SF which are not affected by the
within-site scatter. The quantity SA is difficult t0 estimate and usually taken from
Doell and Cox (1963). The different dispersion parameters are given in Table 2
together with upper and lower confidence limits (95 % level) of SF. The differences
are small and only apparent in the first decimal.

Figure 7 presents a summary of palaeosecular variation studies carried out by
various investigators on volcanics ofthe Brunhes epoch. The values exhibit a strong
latidudinal dependence favouring the models which anticipate such behaviour. The
result from the Bast-Eifel is in excellent agreement with the models, C, E 1 , and M as
well with the experimental data from comparable latitudes. Doell (1970), for
instance, obtained from the investigations of 31 volcanoes in France an angular
dispersion SF: 15.2°. Models B, C, and E assume a dipole wobble of 11° whereas
curve M is calculated with SD = 9°. Due t0 the considerable limits of confidence, it
cannot be decided from the present experimental data which model is most
appropriate t0 describe the global behaviour of the palaeosecular variation. More
data, especially at low and high latitudes are required t0 obtain reliable
informations on the dipole wobble and its relation t0 the non-dipole field.
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Fig. 7. Angular standard deviation SF of
pole positions with limits of confidenoe
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Conclusions

Although quite a number of measurements have been carried out to investigate the
oomponents and the global behaviour of the palaeoseoular variation, there is still
some uncertainty about the apprOpriate regional extent and the length of the time
interval necessary to evaluate reasonable coincidence between the average dipole
axis and the axis of rotation.

The pole positions determined from the Pleistocene volcanics in the Bast-Eifel
follow a Fisherian distribution about the north geographic pole proving that here
both, the time Span of about 600,000 years and an area of not more than 20
x 24 km2 are sufficient to attain the agreement required by the average dipole
hypothesis. This result is not in accord, for instance, with the Pacifio data for the
same epoch reported by Cox and Doell, (1964) yielding a significant difference
between the dipole and rotational axis. Also the assumption that only averaging the
VGPS over continental areas (McElhinny and Merrill, 1975) would give suflioient
agreement, is not approved by the Bast-Eifel results. This might be due to the fast,
that in this particular oase the Standing part of the non-dipole field is small or
oscillates in periods much shorter than 600,000 years.
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Modellversuche zur elektromagnetischen Induktion
in langgestreckten Strukturen"

M. Leppin und B. Boldt**
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Rheinbabenallee 49, 1000 Berlin 33

Analogue Model Experiments for Electromagnetic Induction
in Elongated Structures

Abstract. By means of an electrolytic tank with an imbedded graphite cylin-
der, analogue model experiments have been carried out t0 study the induced
electromagnetic field for elongated conductivity anomalies. It is shown that
the electric field or current within the solution is in general elliptically polari-
zed, the maximum amplitudes occurring near the ends of the cylinder. How-
ever, the results do not infer any systematic concentration or “bundling”
of the induction currents through the highly conducting cylinder. When
applying the magneto—telluric method t0 the surface measurements of electric
and magnetic fields, the apparent resistivity turns out t0 be a function of
location, with a minimum above the cylinder axis. The induction arrows
derived from the total magnetic field at a surface point besides the cylinder
for different frequencies are nearly perpendicular t0 the striking of the imbed-
ded model anomaly. For lower frequencies both real and imaginary compo-
nents of the complex induction arrow are pointing away from the anomaly,
whereas for higher frequencies the latter has changed sign, now pointing into
the opposite direction.

Key words: Electromagnetic induction — Analogue model experiments.

l. Einleitung

Seit nunmehr zwei Jahrzehnten werden in zunehmendem Maße die natürlichen
Variationen des erdmagnetischen Feldes benutzt zur Erkundung der Leitfähig-

* Nach einem Vortrag, gehalten auf der 37. Jahrestagung der Deutschen Geophysikalischen
Gesellschaft vom 29. 3.— l. 4. 1977 in Braunschweig
** Gegenwärtige Adresse: 39 Brunswick Blvd. #308, Dollard des Ormeaux, P. Q. H9B 2K4,
Canada

0340-062X/78/0044/0557/530200



|00000570||

558 M. Leppin und B. Boldt

keitsstruktur des tieferen Untergrundes. Um bei der Interpretation der beobach—
teten anomalen Felder auf Größe, Form und Lage einer Leitfähigkeitsanomalie
schließen zu können, werden diese mit bekannten Modellfeldern verglichen,
die auf numerischem bzw. analytischem Wege berechnet oder auch durch Mes-
sungen an Analog-Modellen gewonnen werden. Räumlich langgestreckte Ano-
malien erlauben dabei oft eine wesentliche Vereinfachung der Rechnungen.
Unter dieser Voraussetzung behandelt beispielsweise Steveling (1973) die Nord—
deutsche Leitfähigkeitsanomalie als ein zweidimensionales Induktionsmodell.
Nach Modellversuchen von Rokityansky (1972) und Boldt (1977) hängt die
Länge, von der ab ausgedehnte Leitfähigkeitsanomalien in hinreichender Nähe-
rung wie unendlich lange Strukturen behandelt werden können, wesentlich vom
betrachteten Periodenbereich sowie von dem Leitfähigkeitsverhältnis zwischen
der Einlagerung und dem Nebengestein ab. Ein Störkörper, dessen Leitfähigkeit
sehr viel größer ist als diejenige seiner Umgebung, verhält sich im Vergleich
zu einem Körper in einem nichtleitenden Medium erst bei einer bedeutend
größeren Erstreckung wie ein unendlich langer Leiter. Ist der Leitfähigkeitsunter-
schied dagegen gering, so können nach Weidelt (1975) bereits bei relativ kurzen
Einlagerungen zweidimensionale Verhältnisse angenommen werden.

Es fehlt daneben nicht an Versuchen, begrenzte Induktionsanomalien durch
nahezu stationäre Stromverteilungen im Untergrund quantitativ zu interpretie-
ren. Im Falle der Kirovograder Leitfähigkeitsanomalie vergleicht Rokityansky
(1974) die Registrierungen mit der Induktion in einem leitfähigen Ellipsoid
an der Grenze zwischen Erdkruste und Erdmantel. Da im Gebiet des Ukraini-
schen Schildes der Induktionsparameter im Normalfall als vergleichsweise klein
gegenüber eins angesehen werden kann, führt der Autor das beobachtete ano-
male Magnetfeld auf eine im Ellipsoid verstärkte Stromdichte zurück, die als
gleichstromartige Bündelung der im Nebengestein induzierten Ströme durch
die wesentlich besser leitende Einlagerung verstanden wird. Von ähnlichen Vor-
stellungen geht auch Frischknecht (1973) aus, um das verstärkte anomale Ma-
gnetfeld eines leitenden Zylinders in einer leitfähigen Umgebung zu erklären.

In der vorliegenden Arbeit werden die Ergebnisse von Modellexperimenten
dargelegt, bei denen das räumliche und zeitliche Verhalten des induzierten elek-
trischen und magnetischen Feldes in der schwach leitfähigen Umgebung eines
gut leitenden Zylinders untersucht wird. An diesem speziellen Beispiel wird
insbesondere die Möglichkeit diskutiert, erdmagnetische Induktionsanomalien
durch lokal konzentrierte Quasi—Gleichströme zu beschreiben. Daneben wird
die Frequenzabhängigkeit des geomagnetischen Induktionspfeiles sowie das Ver—
halten des nach der magnetotellurischen Methode ermittelten scheinbaren spezi—
fischen Widerstandes für das betrachtete Modell näher untersucht.

2. Das Analog-Modell

In Figur 1 ist der Aufbau der Meßapparatur, mit der erdmagnetische Induk-
tionsvorgänge in mittleren magnetischen Breiten modellhaft untersucht werden
können, schematisch angegeben. Ein ebenes Flächenstromsystem mit den Ab-
messungen 2,9 m >< 3,5 m erzeugt ein horizontales und genähert homogenes indu—
zierendes Magnetfeld im Frequenzbereich zwischen 103Hz und 2,5-105Hz.
Unterhalb der Stromschicht befindet sich ein elektrolytischer Trog mit einer
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Fig. l. Projektionen der oszillierenden elektrischen Feld- bzw. Stromvektoren im Innern der elektro-
lytischen Lösung auf eine Vertikalebene quer zum induzierenden Magnetfeld H0 (mittleres Bild;
schraffiert: die Graphit-Bodenschicht) sowie auf eine Horizontalebene bei z/h:0,39 (h: Mächtigkeit
der elektrolytischen Lösung). Ganz oben das Versuchsschema. Das elektrische Feld ist durchweg
linear polarisiert

Grundfläche von l m >< l rn und einer Tiefe von 0,3l In als Modell eines leitfähi-
gen Halbraumes. Als Elektrolyt dient eine 7%ige HCl—Lösung, deren Leitfähig-
keit bei Zimmertemperatur 39 Q“ 1m“1 beträgt. Um den Trog in seinem Induk-
tionsverhalten besser dem Modell des Halbraumes anzupassen, ist der Boden
des Tanks mit Graphitplatten bedeckt (s. auch Dosso, 1966; Leppin, 19773).
Das magnetische Gesamtfeld innerhalb und außerhalb der elektrolytischen Lö-
sung wird mit Hilfe einer kleinen Induktionsspule in allen Komponenten vermes—
sen (Koordinatenursprung in der Mitte des Troges an der Oberfläche der Lö-
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Fig. 2. Querschnitt durch den elektrolytischen
Trog mit eingelagertem Zylinder (a: Radius
des Zylinders; 00: Leitfähigkeit der
elektrolytischen Lösung; crl =Leitfähigkeit des
Zylinders und der Bodenplatte)

sung). Das im Elektrolyten induzierte elektrische Feld berechnet sich aus der
Spannung zwischen zwei Elektroden, deren gegenseitiger Abstand 0,02 m be-
trägt.

Eine mögliche Form, das zeitliche Verhalten des induzierten elektrischen
Feldes während einer Schwingungsperiode zu veranschaulichen, ist die Darstel-
lung von Amplituden und Phasen zweier zueinander senkrechter Feldstärkekom-
ponenten. Im allgemeinen beschreibt dabei der Endpunkt des elektrischen Feld-
vektors im Raum eine elliptische Bahn, die sogenannte Feldellipse. Dann und
nur dann, wenn die Phasen der beiden Komponenten übereinstimmen bzw.
sich um 180° unterscheiden, ist der Feldvektor linear polarisiert mit fester
Schwingungsrichtung. Dies ist im reinen Elektrolyten an allen Meßorten der
Fall. Das elektrische Feld und damit der Induktionsstrom in der elektrolytischen
Lösung ist durchweg linear polarisiert. In Figur 1 ist die Verteilung der elektri-
schen Feldyektoren in der mittleren Vertikalebene senkrecht zum induzierenden
Feld sowie in einer Horizontalebene dargestellt. Bei den Messungen, die bei
einer Frequenz von 7'104 Hz durchgeführt wurden, stimmt die elektromagneti-
sche Eindringtiefe 20 des Elektrolyten (20:1/ 2/00,:1000; aozLeitfähigkeit der
Lösung; n0:lnduktionskonstante; (DzKreisfrequenz) mit der Schichtmächtig—
keit h der Lösung überein. Alle Amplituden sind auf das horizontale elektrische
Feld in der Mitte des Troges nahe der Oberfläche bei z/h=0,06 bezogen. Die
von den Seiten des Troges ausgehenden Störfelder sind in einer Entfernung
von ungefähr einer Eindringtiefe nahezu vollständig abgeklungen. Insgesamt.
bedeuten die Meßergebnisse, daß sich das induzierte elektrische Feld in einem
hinreichend großen Raumbereich in der Mitte des Elektrolyten wie bei einem
zweifach geschichteten Halbraum mit den gleichen Modellparametern im Sinne
der Cagniardschen Theorie verhält (vgl. Leppin, 1977 b).

3. Messungen am eingelagerten Zylinder

Als ein vergleichsweise einfaches Modell einer langgestreckten Leitfähigkeitsano-
rnalie wurde ein Graphitzylinder (Länge=0,48 m; Radius a=0,03 m; Leitfähig-
keit 01:1,4-1059‘1m’1) mit horizontaler Achse quer zum induzierenden Ma—
gnetfeld in die elektrolytische Lösung eingelagert (Fig. 2). Die Zylinderachse
befand sich in einer Tiefe von m=0,l3 m.



4—

DIN

Fig. 3. Feldellipsen des elektrischen Feldes bzw. des Induktionsstromes im Elektrolyten bei eingela-
gertem Zylinder für verschiedene Frequenzen des induzierenden Magnetfeldes, ausgedrückt durch
die relative Eindringtiefe süjm (m=Tiefe der Zylinderachse). Vertikalschnitte durch die Zylinder-
achse. Der Zylindermantel ist gestrichelt mit eingezeichnet. Aus Symmetriegründen ist jeweils nur
die rechte Hälfte des Treges dargestellt. Die Amplituden sind angegeben in relativen Einheiten,
bezogen auf das ungestörte elektrische Feld im Komdinatenursprung (Mitte der Trngcberfläche).
Die eingetragenen Radiusvektoren dienen dem Phasenvergleich. Sie kennzeichnen das elektrische
Feld zum Zeitpunkt des Maximums des ungestörten Oberflächenfeldes
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Wie die Modellversuche und Induktionsrechnungen verschiedener Autoren
zeigen, kann ein leitfähiges Einbettungsmedium zu einer bedeutenden Verstär-
kung des im Zylinder induzierten anomalen Magnetfeldes führen. Gegen die
Vorstellungen von Frischknecht (1973), Ward et al. (1974) und Rokityansky
(1976), nach denen eine endlich lange, gut leitende Einlagerung die in der Umge-
bung induzierten Ströme gleichstromartig bündelt, spricht jedoch die Polarisa-
tion des elektrischen Feldes in der Umgebung des Zylinders. Die gemessene
Verteilung des elektrischen Feldes in der mittleren Vertikalebene x20 ist in
Figur3 dargestellt für die Frequenzen 1,5-104Hz, 5-104Hz, 8-104Hz und
15'104Hz, entsprechend einem Wert des Induktionsparameters Razj/aluowa
von 3,9; 7,1; 9,0 bzw. 12,3 und einer relativen Eindringtiefe ZO/m von 5,1;
2,8; 2,2 bzw. 1,6.

Im gesamten untersuchten Frequenzbereich ist das elektrische Feld und damit
auch der Induktionsstrom fast überall elliptisch polarisiert. Von der Zylinder-
mitte bei y:0 ausgehend, wächst dabei die vertikale bzw. radiale Komponente
des elektrischen Feldes mit zunehmender Annäherung an die Zylinderenden
immer mehr an, bis die Feldellipsen kurz vor den Zylinderenden deutlich eine
radiale Vorzugsrichtung besitzen. Ihre absoluten Größtwerte nehmen Feldstärke
und Induktionsstrom jedoch erst vor den Stirnflächen des Zylinders, in der
Höhe der Zylinderachse an. Lediglich unterhalb dieser Ebene sind Feld und
Strom annähernd linear polarisiert.

Betrachtet man in einem vereinfachten Bild nur die Vorzugsrichtungen der
Feldellipsen, so entsteht das Bild einer an den Stirnflächen der Einlagerung
erhöhten Stromdichte, veranschaulicht etwa durch Stromlinien, die in den Zylin-
der hineingezogen werden. Aufgrund der ausgeprägten elliptischen Polarisation
des elektrischen Feldes im Elektrolyten drehen sich jedoch in Wirklichkeit die
Feldvektoren während jeder Schwingungsperiode einmal im Raum, so daß im
strengen Sinne von zeitlich und räumlich festen Stromlinien nicht mehr die
Rede sein kann. Die Annahme großräumig angelegter, durch die leitfähige Einla-
gerung lokal gebündelter Stromsysteme, wie sie der Vorstellung von Quasi-
Gleichströmen entspricht, kann in Grenzfällen eine brauchbare Näherung erge-
ben, die indes den tatsächlichen physikalischen Vorgängen in keinem Fall voll
gerecht wird.

Am gleichen Modell des eingelagerten Zylinders wurden in einer weiteren
Versuchsreihe die magneto-tellurischen Feldkomponenten an der Oberfläche
des Elektrolyten vermessen. Die daraus nach der Cagniardschen Methode ermit-
telten scheinbaren spezifischen Widerstände auf einem Querprofil über den Zy-
linder sind in Figur 4 wiedergegeben; Figur 5 zeigt die entsprechenden Phasen-
differenzen zwischen elektrischem und magnetischem Feld. Die Größen sind
jeweils als Funktion der Frequenz und des relativen Horizontalabstandes von
der Zylinderachse in Form von Isolinien dargestellt. Infolge der hohen Leitfähig-
keit der Bodenplatte verkleinert sich der scheinbare spezifische Widerstand mit
abnehmender Frequenz an allen Beobachtungsorten. Oberhalb des gleicherma-
ßen gut leitenden Zylinders wölben sich die Isolinien zu höheren Frequenzen
hin auf und erreichen einen Scheitelpunkt über der Zylinderachse. Im betrachte-
ten Frequenzbereich erscheint der Zylinder in den Isolinien deshalb qualitativ
ähnlich wie eine Erhebung der Bodenplatte. In den Isolinien der Phase bildet
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Fig. 4. Linien gleichen scheinbaren spezifischen Widerstandes für das Modell des leitenden horizon-
talen Zylinders in leitfähiger Umgebung bei transversalem induzierenden Magnetfeld (f= Frequenz)

Fig. 5. Linien gleicher Phasendifferenz zwischen elektrischem und magnetischem Feld (sonst wie
Fig. 4)
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Fig. 6’. Geomagnetische Induktionspfeile für das Modell des leitenden horizontalen Zylinders in
leitfähiger Umgebung bei verschiedenen Frequenzen, entsprechend unterschiedlicher relativer Ein-
dringtiefe zo/m (m=Tiefe der Zylinderachse). Rechts oben eine getrennte Darstellung von Real-
und Imaginärteil des komplexen Induktionspfeiles. Das Streichen der Modellanomalie ist in der
Bildebene waagerecht, wie im Versuchsschema links oben angezeigt, zusammen mit den fünf Orientie-
rungen des induzierenden Magnetfeldes, aus denen die Pfeile hergeleitet sind. Der Meßort an
der Oberfläche des Elektrolyten ist in der Lageskizze links unten besonders gekennzeichnet

sich die Leitfähigkeitsanomalie ebenfalls ab. Für höhere Frequenzen als 4- 104Hz
wölben sie sich oberhalb des Zylinders auf, für niedrigere hingegen satteln sie
sich ein. Die Isolinien der Phase können demnach möglicherweise als Interpreta-
tionshilfe dienen, um zwischen einem eingelagerten Störkörper und einer Schicht-
aufwölbung als Ursache einer Induktionsanomalie zu unterscheiden.

Erste Aussagen über die geographische Lage einer Leitfähigkeitsanomalie
im Untergrund werden häufig aus der Richtung von geomagnetischen Induk-
tionspfeilen (Wiese, 1965; Schmucker, 1970) gewonnen. Für einige geometrisch
einfache Störkörper liegen ebenfalls bereits analytisch bzw. numerisch berechnete
Induktionspfeile vor. Am Modell der Kugel in nichtleitender Umgebung unter-
sucht Meyer (1968) die Ausrichtung geomagnetischer Induktionspfeile bei dreidi-
mensionalen Störkörpern. Weidelt (1975) berechnet komplexe Induktionspfeile
für einen leitenden Quader in leitfähiger Umgebung. Mit der vorhandenen Mo-
dellapparatur ist, wieder am Beispiel des eingelagerten Zylinders, insbesondere
die Frequenzabhängigkeit des Induktionspfeiles bei langgestreckten Leitfähig-
keitsanomalien nun auch experimentell untersucht worden.
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Die in Figur6 dargestellten Induktionspfeile sind aus dem magnetischen
Gesamtfeld an einem Meßort in Zylindernähe (z:y=0; x/m=0,8) für fünf
verschiedene Orientierungen des induzierenden Magnetfeldes abgeleitet (Winkel
gegen die Zylinderachse=30°, 60°, 90°, 120°, 150°). Die Streichrichtung der
Modellanomalie liegt dabei in der Bildebene waagerecht. Im Bereich relativ
großer elektromagnetischer Eindringtiefe zo/m, entsprechend niedriger Frequenz,
stehen die Pfeile nahezu senkrecht auf der Zylinderachse. Die Abweichungen
im Bereich kleinerer Eindringtiefen gehen zurück auf eine apparativ bedingte
Verringerung der Meßgenauigkeit bei Frequenzen oberhalb 105Hz. Mit abneh-
mender Eindringtiefe vergrößert sich jedoch die Länge des geomagnetischen
Induktionspfeiles sowie des Realteils des komplexen Induktionspfeiles. Ihr
Größtwert wird in diesem Versuch bei einer Eindringtiefe von nahe dem Zweifa-
chen der Tiefe der Zylinderachse erreicht. Ein unterschiedliches Verhalten zeigt
lediglich der Imaginärteil des komplexen Induktionspfeiles, der sich mit abneh-
mender Eindringtiefe des elektromagnetischen Feldes zunächst verkürzt und
dann sogar die Richtung wechselt. Der Befund deutet an, daß hinsichtlich der
Lage und Ausrichtung einer Leitfähigkeitsanomalie der Realteil des komplexen
Induktionspfeiles im allgemeinen aussagekräftiger ist als der Imaginärteil, der
theoretisch wie experimentell noch weiterer Untersuchungen bedarf.

Danksagung. Unser besonderer Dank gilt Herrn Professor J. Meyer für sein stetes Interesse am
Fortgang der Arbeit. Das Gesamtprojekt der Induktions-Modellversuche wurde von der Deutschen
Forschungsgemeinschaft gefördert.
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Presentation of the Emil Wiechert-Medal
to Leon Knopoff, Los Angeles, on March 7, 1978 at Münster

“The Earth Has Musm for Those Who Listen”

T0 the physieist, seismologist and musicologist Leon Knopoff' the earth has
music indeed which however can be appreciated only if its rules are understood.

The Executive Committee of the Deutsche Geophysikalische Gesellschaft
has, during its meeting on October l3, 1977, decided to bestow its highest
award, the Emil Wiechert-Medal, on Professor Leon Knopoff. The medal bears
the name of the first president of the Deutsche Geophysikalische Gesellschaft
following its foundation in 1924. Since first awarded in 1955 to Julius Bartels
the Emil Wiechert-Medal has been conferred on Beno Gutenberg, Albert Defant,
Inge Lehmann, Sydney Chapman and Ludwig Biermann. Today it will be
awarded for the seventh time. In this, the 50th year after the death of its
first president, the Deutsche Geophysikalische Gesellschaft awards the Emil
Wiechert-Medal t0 a scientist who in his research has penetrated the solid
earth in width and dcpth.

The experiment in the field or in the laboratory was always stimulating
and ehallenging für you as a theoretical physicist. In particular your investiga-
tions with long period surface waves produced important new knowledge on
the structure of the earth’s upper mantle and its regional differences.
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During your systematic study of lateral heterogeneities you came to Germany
for the first time in 1960 to explore differences in the upper mantle of southern
Germany and the Alps—using a network of long period seismometers. Similar
expeditions followed to the Mediterrenean, South America and Antarctica.
Today you are preparing to extend the range of penetration into the lower
mantle.

The improved quality of the observations required a corresponding improve-
ment of classical interpretation techniques. The theory of propagation of seismic
waves in layered and in laterally inhomogeneous media, as well as their scattering
and anelastic attenuation, has been advanced significantly by you. In particular
it became necessary to develop inversion methods which permitted the establish-
ment of the multitude of possible models compatible with the observations.
The hedgehog-method devised by you and Keilis-Borok is a most powerful
search procedure.

The analysis and synthesis of processes at the earthquake focus plays a
key role in your research. You established the body force equivalence of the
seismic dislocation model. An analogue and numerical model was developed
to understand the sequenees of earthquakes observed in nature. Finally you
advanced a new method of earthquake prediction by pattern recognition.

An appreciable part of your research has been, and is, devoted towards
using seismological knowledge to improve models of the state and composition
of the earth’s interior. Extensive theoretical investigations covered the state
of compounds under high pressures, the state and composition of the core
and mantle.

Of the many friends cooperating in your work time permits me to mention
but a few: Keilis-Borok, Gilbert, Press, S1ichter, Burridge and others. More
than 180 research papers are witness of an extremely fruitful scientific career.

As a Member of the National Academy of Sciences and as a Fellow of
the American Academy of Arts and Sciences your merits have been previously
recognized.

We honour also your distinguished role as secretary of the international
Upper Mantle Project. This Projeet remains the most successful international
enterprise in the geosciences—it culminated in a scientific revolution which
has changed our thinking. It needed men of your wide and profound knowledge
and your ability to stimulate.

It is now my duty and pleasure to award the medal. It bears the inseription:
„Die Deutsche Geophysikalische Gesellschaft verleiht die Emil Wiechert-Medaille
an Leon Knopoff, Los Angeles, in Anerkennung seines umfassenden Beitrages
zur seismologisch-physikalischen Erforschung des Erdinnern“.

Karl Fuchs
Vorsitzender der
Deutschen Geophysikalischen Gesellschaft

Received March 9, 1978
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Physik des Planeten Erde. Ergebnisse geophysikalischer Forschung. R. Lauterbach (Herausgeber),
266 Seiten, 88 Abbildungen und l3 Tabellen. Stuttgart: Ferdinand Enke Verlag 1975.

Es ist sicher kein leichtes Unterfangen, auf 266 Seiten eine Enzyklopädie der Physik des Planeten
Erde in Kurzform darzustellen. Die Auswahl und Darbietung des Materials ist notgedrungen subjek—
tiven Kompromissen unterworfen und hängt natürlich ganz stark von dem Leserkreis ab, den
man mit dem Buch ansprechen möchte. Eine Aufzählung der Kapitelüberschriften zeigt das breite
Gebiet, das in dem Buch von insgesamt l2 Autoren behandelt wird:

. Kosmogonie und Erdentstehung (von K. Schmidt und H.J. Treder)

. Fortschritte der Erforschung des Mondes (von M. Reichstein)

. Paläogeophysik (von R. Lauterbach)

. Fortschritte der Magnetosphärenphysik (von C.U. Wagner)
Physik der Hochatmosphäre (von J. Taubenheim)

. Entwicklung der Atmosphäre und Stand ihrer Erforschung (von C. Hänsel)

. Physikalische Ozeanologie (von P. Hupfer)

. Physik und Chemie des Erdinnern (von H. Kautzleben und H. Stiller)

. Fortschritte der Seismologie (von S. Grässl)

. Paläomagnetismus (von K. Rother)

. Biogeophysik (von R. Lauterbach)HOOOOQONgh-ßwwb—

Eine einheitliche Beurteilung des Buches ist nicht möglich. Unbestritten enthält das Buch eine
Fülle von Information über die einzelnen Fachgebiete. Eine sehr gute Einführung und ausgezeichne-
ten Überblick über den Stand der Forschung gibt das Kapitel über die Physik der Hochatmosphäre.
Auch der Abschnitt „Biogeophysik“ enthält Ergebnisse, welche man sonst nur schwer in der Literatur
findet. In anderen Kapiteln beschränkt sich der Text jedoch häufig auf eine etwas trockene Aufzäh-
lung geophysikalischer Einzelergebnisse. Man vermißt immer wieder eine geschlossene Betrachtung
und Diskussion neuerer Forschungsergebnisse, wie es im Vorwort des Buches versprochen wird:
„Ziel dieses Buches ist es vielmehr, die Fortschritte bei der geophysikalischen Erforschung von
Bau, Struktur, Dynamik und Funktionsmechanismus der Erde insgesamt .. zu kennzeichnen.“
Warum beschränkt sich die Angabe der Geschwindigkeitsverteilung seismischer Wellen im Erdkörper
auf die Wiedergabe der gut 20 Jahre alten Kurven von Gutenberg und Jeffreys-Bullen? Kein Wort
über moderne Inversionsverfahren oder die mit der Monte-Carlo Methode erzielten Ergebnisse.
Ein Diagramm für die Dichteverteilung in der Erde sucht man vergeblich. Auch die Eigenschwingun-
gen der Erde werden nur in wenigen Zeilen erwähnt. Zweifelhaft ist manchmal auch die didaktische
Gestaltung der Abbildungen. Ein Fachfremder wird vermutlich an Abbildung 65 (Typen von Erdkru-
stenmodellen) keine große Freude haben. Auch für die Abbildung 73 angegebene „Rekonstruktion
der Lage der Kontinente“ hätte sich sicher eine etwas eindrucksvollere Darstellung finden lassen,
z.B. die nach Dietz und Holden. „Das Modell der Plattentektonik“ wird auf weniger als 2 Seiten
und ohne Abbildung behandelt, obwohl die Autoren der Meinung sind, daß „die Plattentektonik
eine Vielzahl von geologischen und geophysikalischen Erscheinungen auf verblüffend einfache Weise
zu erklären vermag“ Und wenn schon aus Platzgründen um jede Zeile gerungen werden muß,
warum hat man dann die Kapitel „Paläogeophysik“ und „Paläomagnetismus“ nicht zusammenge-
legt? Die Beispiele in dieser Art könnten fortgesetzt werden; das Buch vermag deshalb nicht
in allen Punkten zu überzeugen. R. Schick, Stuttgart
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Geological Hazards. B.A. Bolt‚ W.L. Horn, G.A. Macdonald und R.F. Scott. 328 Seiten mit 116 Abbil-
dungen. Berlin-Heidelberg-New York: Springer 1975.

Das Buch beschäftigt sich mit Umwelteinflüssen, welche sich auf den Menschen und die Natur
katastrophenartig auswirken können und deren Beschreibung in das Gebiet der Geologie und
der Geophysik fällt. In 7 Kapiteln werden die Auswirkungen von Erdbeben (Verf. Bolt), Vulkanen
(Verf. Macdonald), Tsunamis (Verf. Bolt), Hangrutschungen, Bodensenkungen, Schneelawinen
(Verf. Scott) und Überschwemmungen (Verf. Horn) untersucht. In einem 8. Kapitel werden einige
grundsätzliche Fragen zur Risikodarstellung und zur Risikoversicherung bei Elementarschäden be—
handelt. Ein Anhang enthält Tabellen mit Angaben über bedeutende Erdbeben, Vulkanausbrüche
und Hochwasserfluten.

Bei der Behandlung eines derartig breiten Spektrums müssen die Autoren naturgemäß Kompro—
misse in der Gestaltung des Textes eingehen. Der Inhalt der einzelnen Kapitel ist deshalb auch
nicht für den jeweiligen Fachwissenschaftler geschrieben. Der Text ist vielmehr auf einen breiten
Leserkreis zugeschnitten, der sich für Naturkatastrophen interessiert. Die Verfasser verzichten auf
eine mathematische und quantitative Darstellung und stellen die anschauliche Beschreibung in
den Vordergrund, so daß das Buch ohne spezielle Vorkenntnisse gelesen werden kann. Trotzdem
ist der Text alles andere als elementar. Die Verfasser geben klar und informativ eine Einführung
in die physikalischen und geologischen Grundlagen von Naturkatastrophen. Sie verzichten nicht
darauf, offene Fragen und Kontroversen zu diskutieren. Ein großer Teil des Buches befaßt sich
mit bekannten und bedeutenden Naturkatastrophen. Die angegebenen Zahlenwerte machen das
Buch auch als Nachschlagewerk interessant. Viele ausgezeichnete Abbildungen tragen dazu bei,
das Buch lesenswert und anregend zu gestalten. R. Schick, Stuttgart

S. Warren Carey: The Expanding Earth. Developments in Geotectonics. 10. Amsterdam-Oxford-New
York: Elsevier Scientific Publishing Company 1976, 470 Seiten.

Der Gedanke einer Expansion der Erde im Laufe ihrer Entwicklung ist zweifelsohne außerordent-
lich faszinierend. Könnte man sich doch die Erde mit einer gleichmäßigen, geschichteten (kontinenta-
len) Kruste entstanden denken, die erst später als Folge einer Expansion aufriß und dadurch
zur Bildung ozeanischer Kruste führte. So paßt dann natürlich die zweifelsfrei erwiesene Neubildung
von (ozeanischer) Kruste an den mittelozeanischen Rücken ganz ins Bild einer Vergrößerung der
Erdkruste, während die Annahme von Subduktionszonen von Carey völlig abgelehnt wird (einige
andere, der Erdexpansionshypothese zuneigende Geowissenschaftler fordern lediglich, daß in den
Subduktionszonen weniger Erdkruste verschlungen, als an den mittelozeanischen Rücken erzeugt
wird). Leider setzt sich Carey nicht intensiv genug mit unbestreitbaren Erkenntnissen der Geophysik
über Subduktionszonen (z.B. der Anordnung der Tiefherdbeben) auseinander, sondern er bringt
stattdessen eine Fülle von lauter Einzeldetails, die er im Sinne der Expansionshypothese ausdeutet.

Leider ist in dieser Art das gesamte Buch aufgebaut: Der Leser wird mit einer Fülle von
Fakten überschüttet und es fällt recht schwer, deren Gewichtigkeit oder Bedeutungslosigkeit im
einzelnen zu erfassen. Diese Menge des Materials, die Carey präsentiert, macht es nicht leicht,
beim Lesen des Buches die Übersicht und das kritische Mitdenken zu behalten.

Der Wert des Buches liegt eben in dieser ausführlichen Stoffsammlung zur Erdexpansionshypo-
these, die keine geophysikalische Teildisziplin übergeht: global-tektonische Aspekte, Reinterpretation
paläomagnetischer Daten hinsichtlich Erdradiusänderungen, Figur und Asymmetrie der Erde, Rota-
tion der Erde, regional-geophysikalische Erscheinungen (wie z.B. Interpretation der San Andreas
Verwerfung) und schließlich die Frage nach der Ursache einer Erdexpansion. Gerade bei dieser
Frage legt sich Carey nicht fest (“What causes the Earth to expand?: My first answer is I do
not know. Empirically I am satisfied that the Earth is expanding”), sondern trägt nur die verschiede-
nen, in der Literatur diskutierten Möglichkeiten (z.B. Änderung der Gravitationskonstanten, Phasen-
änderungen an der Kern-Mantelgrenze) zusammen.

Die Auseinandersetzung mit dem von Carey zusammengetragenen Material ist — trotz der
oben erwähnten Schwierigkeit beim Lesen des Buches — auch für den von einem unveränderlichen
Erdradius überzeugten Geowissenschaftler reizvoll. Schließlich bleibt doch immer die erfreuliche
Aussicht, in naher Zukunft z.B. mit Hilfe der Satellitengeodäsie die Erdexpansionshypothese über-
prüfen zu können. L. Engelhard, Braunschweig
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J.A. Jacobs: The Earth’s Core. International Geophysical Series. London: Academic Press Inc.
1975, Vol. 20, 253 pp., 71 figures. f. 8.50/US 522,—.
Die Erforschung des Aufbaus und Zustands des Erdkerns und der in ihm ablaufenden physikalischen
Prozesse ist zum Verständnis zahlreicher geophysikalischer Phänomene von grundlegender Bedeu-
tung. Nicht nur das erdmagnetische Hauptfeld und die Säkularvariation, sondern auch andere
Erscheinungen wie die dekadischen Rotationsschwankungen haben ihren Ursprung im Erdkern.
Dabei ist man von einem Verständnis dieser Prozesse noch weit entfernt. Dies gilt um so mehr
für vermutete Zusammenhänge zwischen einerseits den Rotationsschwankungen und andererseits
dem Erdmagnetfeld, der Erdbebentätigkeit, dem Vulkanismus, und möglicherweise sogar klimati-
schen Schwankungen.

Wer sich über den Stand der Erdkern-Forschung umfassender orientieren wollte als es geophysi-
kalische Gesamtdarstellungen bisher boten, war auf viele, weit verstreute Originalarbeiten angewie-
sen. Jacobs hat sich mit „The Earth’s Core“ der Mühe unterzogen, die wesentlichen Ergebnisse
von mehr als 700 Arbeiten in komprimierter Form und thematisch gegliedert darzustellen und
zu diskutieren. Seine eigenen Vorstellungen treten zumeist zurück; an verschiedenen Stellen bleibt
es dem Leser überlassen, kontroverse Hypothesen kennenzulernen und sich selbst ein Urteil zu
bilden. Diese sehr objektive Darstellungsweise ist dem schwierigen Gegenstand angemessen: Gesi-
cherte Erkenntnis gibt es wenig, dafür um so mehr Probleme und ein weites Feld zukünftiger
Forschung; wurde doch sogar die Möglichkeit von Konvektion im äußeren Kern angezweifelt
und u.a. untersucht, ob Erdbebenwellen im Kern das erdmagnetische Feld erzeugen könnten.

Im l. Kapitel (General Physical Properties of the Earth) wird der Gesamtaufbau der Erde
nach Ergebnissen seismischer Methoden und von Eigenschwingungen dargestellt, wobei die Verhält-
nisse an der Kern-Mantel—Grenze und der Übergangszone vom äußeren zum inneren Kern eingehend
behandelt werden. Leider sind einige Figuren der entsprechenden Modelle wegen anders formulierter
Tiefenangaben erst nach Umrechnungen mit dem Text vergleichbar.

Das 2. Kapitel (Origin of the Core) behandelt die Problematik der Kernbildung bei der Erdentste-
hung. Sie muß sehr früh erfolgt sein, weil z.B. alte Gesteine (2,7 Mrd. Jahre) bereits thermoremanente
Magnetisierung zeigen. Viel spricht für eine inhomogene Kondensation der Erde, wobei zuerst
der metallische Kern entstand. Doch auch Modelle homogener Kondensation und nachfolgender
Differenzierung werden diskutiert.

Das 3. Kapitel (The Thermal Regime of the Earth’s Core) behandelt Schmelzpunktkurven und
adiabatische Temperaturgradienten, wobei die Deutung des festen Zustands des inneren Kerns
und des flüssigen Zustands des äußeren Kerns das eigentliche Problem darstellt. Dabei tritt die
Problematik der labilen oder stabilen Schichtung des äußeren Kerns auf, mit den entsprechenden
u.U. schwerwiegenden Konsequenzen für die Erzeugung des Magnetfelds. Ferner wird das Problem
der Wärmequellen im Kern und der Wärmesenken im Mantel behandelt: Ohne ausreichende Abfüh-
rung der Wärme durch den untersten Mantel wäre Konvektion im Kern unmöglich. Das Kenntnis-
Defizit beruht vornehmlich auf der Schwierigkeit, Schmelztemperaturen und adiabatische Tempera-
turen genügend sicher abschätzen zu können.

Das erdmagnetische Feld mit Säkularvariation und Feldumkehrungen und deren Ursachen (Dy-
namotheorie) werden im 4. Kapitel (The Earth’s Magnetic Field) behandelt. Dabei wird auch auf
das Feldverhalten während eines Polaritätswechsels, die Westwärtsdrift und die Zusammenhänge
mit den Rotationsschwankungen der Erde eingegangen.

Das 5. Kapitel (The Constitution of the Core) ist, ausgehend von Zustandsgleichungen, u.a.
der (k,p)—Hypothese von Bullen, dem chemischen Aufbau des Kerns gewidmet. Der äußere Kern
muß neben Eisen ein leichteres Element, vermutlich Schwefel, enthalten wegen der um 8% zu
niedrigen Dichte und der zu hohen seismischen Geschwindigkeit. Dadurch würde auch die Schmelz-
temperatur auf mit anderen Daten verträgliche Werte erniedrigt werden. Ferner wird u.a. die
Möglichkeit eines Gehalts von K40 als Wärmequelle im äußeren Kern diskutiert.

Im 6. Kapitel (The Cores of Other Planets) werden Vorstellungen über die Zustände und Bestand-
teile der Kerne des Mondes und der Planeten Mars, Venus und Merkur besprochen.

Die Literaturangaben (insgesamt 711 Titel) finden sich am Ende jedes Kapitels, während am
Buchende nochmals ein Autorenverzeichnis und ein etwas zu knapp geratenes Sachregister vorhan-
den sind.

Dieses schöne, sachlich ausgewogene und komprimiert geschriebene Buch vermittelt den wesent-
lichen Erkenntnisstand und ist für Geophysiker unentbehrlich. K. Strobach, Stuttgart
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“Concepts in Geostatistics. Richard B. McCammon (ed.). Berlin—Heidelberg-New York: Springer, 1975.
168 pp.

There is an ever increasing need‘for quantification in modern geology, especially in the fields
of exploration for economic mineral resources. .

Simultaneously the means for fast handling large amounts of data by electronic data processing
have been advancing. Not at the same pace however, has the mathematical background and especially
the knowledge in statistics, of geologists developed.

The book “Concepts in Geostatistics” provides an excellent remedy against this lack, and
bridges the gap between mathematics and geology by a down-to-earth, though exact presentation
of subjects of mathematical statistics to non-mathematicians. Especially helpful for geoscientists,
the many examples of application to various fields of geology, sedimentology, petrography and
geophysics might prove.

The book has evolved from a two-week summer short course for upgrading geology college
teachers in the application of statistics to geology, and deals with Probability, Factor Analysis,
Time Series Analysis, Markov Models etc.

While certainly not completely covering the already very wide and diversified field of geostatistics,
it provides a clear introduction to this field and can be recommended as such to students as well
as practical geoscientists. J.R. Schopper, Clausthal-Zellerfeld

Wladimir Baranov: Potential Fields and Their Transformations in Applied Geophysics, Geoexploration
Monographs, R.G. van Nostrand und S. Saxov (Eds.)‚ XVI, 121 pages, 32 figures, 18 tables,
17 x 24 cm, Cloth. Stuttgart: Gebr. Borntraeger 1975. USS 25.30, DM 64,—.

Mit diesem Buch setzt der Verlag eine Reihe von Einzeldarstellungen namhafter Autoren zur
Angewandten Geophysik fort, die sich durch ihr hohes Niveau und die klare Darstellungsform
schnell einen Platz bei Geophysikern gesichert hat. Baranov will nicht — wie man dem Titel
nach vermuten könnte —— eine umfassende Darstellung der klassischen Potentialtheorie geben, son-
dern er beschränkt sich auf die Fragen des magnetostatischen Feldes und des Schwerefeldes in
der angewandten Geophysik. Dieses Fehlen an Allgemeinheit der Darstellung (z.B. fehlen Kugelfunk-
tionen völlig, Zylinderfunktionen werden sehr knapp abgehandelt) ist bedauerlich.

In der sonst aber klaren Darstellung nimmt natürlich Baranov’s Methode der „reduction to
the pole“ zur Interpretation magnetischer Anomalien entsprechenden Raum ein. Daneben wird
z.B. auch die Feldfortsetzung nach oben und unten und das Filtern von Anomalien (Trennung
von klein- und großräumigen Anteilen) behandelt. Der ausführliche Anhang enthält u.a. Rechner-
Programme für die im Hauptteil des Buches abgeleiteten Algorithmen. L. Engelhard, Braunschweig

Plasma Instabilities and Nonlinear Effects. A. Hasegawa. 217 p., Physics and Chemistry in Space
8, ISBN-N0. 3-540-06947-X. Berlin Heidelberg New York: Springer 1975.
The occurrence of instabilities in plasma configurations in space and in the laboratory is the
rule rather than the exception. In spite of the decisive role of instabilities in the understanding
of space plasmas there has been a consistent lack of appropriate books which give a reasonably
complete and concise overview of instabilities in space. One problem in writing such a book
is the difficulty in ordering and evaluating the vast amount of literature on instabilitites. This
book by A. Hasegawa, an active worker in the field, can be considered as a very useful treatment
of the subject of instabilities in space plasmas. In style it ,is a mixture between an advanced
text book and an extended review article. The book is divided in four parts. It starts with an
introduction into the field of plasma instabilities with a short treatment of negative energy waves.
The second chapter deals with microinstabilities in space plasmas. The treatment is mostly based
on analytical expansion techniques. It might have been useful to add some recent results on numerical
solutions of the plasma dispersion relations. Nevertheless the treatment is very clear and oriented
towards understanding of the physics involved. The third chapter deals with macroinstabilities
with subdivisions on drift wave instabilities, Rayleigh-Taylor, Kelvin-Helmholtz and current pinch
instabilities. In the forth chapter nonlinear effects associated with plasma instabilities are treated.
Here the selection of the topics to be covered is particularly difficult. Consider the large amount
of literature on collisionless shocks, for example. The selection of material is a particularly fortunate
one in this chapter, however. The book is concluded by a useful summary of necessary conditions
of plasma instabilities. In spite of the high price the book is recommended to all researchers
in the field of space plasma physics because of the unique presentation of a difficult subject.

F.M. Neubauer, Braunschweig
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Crustal Structure of the Rhenish Massif
and Adjacent Areas;
a Reinterpretation of Existing Seismic-Refraction Data *

W.D. Mooney**
Geophysical and Polar Research Center, University of Wisconsin, Madison, WI 53706, USA

C. Prodehl
Geophysikalisches Institut der Universität, Hertzstr. 16, D-7500 Karlsruhe 21,
Federal Republic of Germany
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Abstract. Most of the existing seismic-refraction profiles in the Rhenish
Massif/Rhenohercynian zone of Western Germany have been jointly rein—
terpreted using traveltime and amplitude information. The general pattern
of observed phases can be divided into three types; each type corresponds
to a distinct kind of velocity structure.

Type I: Throughout the central Rhenish Massif and the adjacent Hes-
sische Senke a strong P-phase reflection from the crust-mantle boundary
is recorded in regions where no major volcanic features are crossed by
the lines of seismic observations. The average crustal thickness is 28—29 km,
the average crustal velocity (excepting sediments) is 6.2—6.3 km/sec, and the
crust is nearly homogeneous. This structure is here referred to as the Rheno-
hercynian crustal model.

Type II: Beneath the southern part of the Rhenish Massif and two areas
in the northeast and southeast some structure within the crust is evident.
Both an intracrustal and the Moho discontinuities are evidenced by strong
reflected phases, the Moho reflection being the stronger one. Along the
profiles crossing major volcanic features such as Vogelsberg and central
Westerwald, but not beneath the eastern Eifel, the M-discontinuity is heavily
disrupted or “smeared” and an intermediate intracrustal boundary at about
20 km depth forms the main reflector for seismic waves. Beneath this bound-
ary the velocity increases gradually from about 7 km/sec to upper-mantle
velocities.

Type III: For profiles crossing the northern Rhine Graben area as well
as for a line from the Siebengebirge through the Rhenish Massif to the
north, east of the Lower Rhine basin, the observed phases indicate only
one major seismic boundary at a depth of about 23 km where the velocity

Contribution within the priority research program of the Deutsche Forschungsgemeinschaft
“The driving mechanism of epirogenic movements: Rhenish shield”

Contribution no. 153 Geophysical Institute, University of Karlsruhe
** also Geophysikalisches Institut der Universität Karlsruhe

0340-062X/78/0044/0573/SOS.80
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inereases rapidly t0 7.3 km/sec. Below this boundary the veloeity increases
gradually with depth reaching 8 km/sec at 27—28 km.

The oeeurrenee of types I, II, and III can be roughly eorrelated with
tectonie setting. The Pn phase is recorded with variable success and disappears
eompletely on a profile passing the eastern Eifel volcanics, but is clear
on the lines through Vogelsberg and central Westerwald. The petrographic
differences between these volcanics appear such t0 be reflected in the behavi-

. our of the seismic waves. Cross sections and areal views are used t0 display
the variations in erustal and upper mantle velocity strueture.

Key words: SeismiC-refraction profiles — Crustal structure -— Lateral varia-
tions — Rhenish Massif —— Rhenohercynian zone.

Introduction

The Rhenish Massif is part of the Variscan mountain system of western Europe
and as such part of the Rhenohercynian zone being located as a consolidated
block between the Upper Rhine Graben in the south, the Lower Rhine Basin
in the northwest, and the Hessische Senke in the east. Tertiary t0 Quarternary
volcanism is concentrated in the Westerwald, Eifel and Siebengebirge and the
adjacent Hessische Senke t0 the east. Since the Mesozoie the Rhenish Massif
has been undergoing uplift, a movement which seems still t0 be active today.
Within the scope of a priority program, sponsored by the German Research
Society, aimed at the investigation of vertical movements and their origin, the

Table l. Profiles observed in the area of the Rhenohercynian zone and reinterpreted in this report
with number of recordings (up to J anuary 1971) and references

N1 :Number of explosions which were used for the corresponding profile. N2:Number of
photographic records. N3 =Number of magnetic-tape records

Profile N1 N2 N3

02—165—01 10 52 21 German Research Group, 1964; Fuchs and Landisman,
1966 a,b; Ansorge et al., 1970; Wangemann, 1970; Fuchs and
Müller, 1971; Giese and Stein, 1971; Bamford, 1973; Mueller
et al., 1973; Giese, 1976a,b; Müller and Fuchs, 1976; Mooney
and Prodehl, 1977

02—215 04 33 16 Meissner and Berckhemer, 1967; Mueller et al., 1969; Wilde,
1969; Meissner et al., 1970; Giese and Stein, 1971; Bamford,
1973; Mueller et al., 1973; Meissner and Vetter, 1974; Rhine-
Graben Research Group 1974; Giese, 1976 a,b; Meissner et al.,
1976a; Mooney and Prodehl, 1977

02—220—05 02 17 00 Strobach, 1963 ; German Research Group, 1964; Giese and Stein,
1971 ;Bamf0rd, 1973 ; Meissner and Vetter, 1974; Rhine—Graben
Research Group, 1974; Giese, 1976 a,b; Meissner et al., 1976a;
Prodehl et al., 1976; Mooney and Prodehl, 1977
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Table l (continued)

Profile N1 N2 N3

02—265 05 39 00 Behnke, 1961a; Closs and Behnke, 1961; German Research
Group, 1964; Hänel, 1964; Giese and Stein, 1971; Bamford,
1973, 1976 a,b; Giese, 1976 a,b; Mooney and Prodehl, 1977

02—350—06 07 19 22 German Research Group, 1964; Fuchs and Landisman,
1966 a,b; Wangemann, 1970; Giese and Stein, 1971; Bamford,
1973; Giese, 1976 a,b; Mooney and Prodehl, 1977

03—250 02 37 00 Hänel, 1963; German Research Group, 1964; Hänel, 1964;
Giese and Stein, 1971, Bamford, 1973; Meissner and Vetter,
1974; Bamford, 1976 a,b; Meissner et al., 1976b; Giese, 19763,
Mooney and Prodehl, 1977

06—170—20 04 45 08 German Research Group, 1964; Fuchs and Landisman,
1966 a,b; Wangemann, 1970; Giese and Stein, 1971; Bamford,
1973; Giese, 1976 a,b; Mooney and Prodehl, 1977

06—260 04 23 11 Closs and Behnke, 1961; Plaumann, 1961 a; German Research
Group, 1964; Giese and Stein, 1971 ‚ Bamford, 1973, 1976a,b;
Giese, 1976a‚b; Mooney and Prodehl, 1977

08—000 01 20 00 P1aumann, 1961 b; Hänel, 1963; German Research Group,
1964; Giese and Stein, 1971, Giese, 1976a; Prodehl et a1., 1976;
Mooney and Prodehl, 1977

12—260 03 30 06 Hänel, 1963; German Research Group, 1964; Hänel, 1964;
Giese and Stein, 1971; Bamford, 1973; Meissner and Vetter,
1974; Bamford, 1976 a,b; Giese, 1976a; Meissner et al., 1976b;
Mooney and Prodehl, 1977

13—120—09 05 53 20 Stein, 1963; German Research Group, 1964; Giese and Stein,
1971; Bamford, 1973; Mooney and Prodehl, 1977

13—240—20 03 00 55 Giese and Stein, 1971; Bamford, 1973. 1976 a,b; Mooney and
Prodehl, 1977

14—010 05 13 34 Giese and Stein, 1971, Thyssen et al., 1971; Giese, 1976b; Moo-
ney and Prodehl, 1977

14—090—02 02 36 00 German Research Group, 1964; Giese and Stein, 1971; Bam-
ford, 1973, 1976a,b; Giese, 1976a,b; Mooney and Prodehl,
1977

16—080 02 19 09 Meissner and Berckhemer, 1967; Meissner et a1., 1970; Giese
and Stein, 1971; Bamford, 1973; Meissner and Vetter, 1974;
Rhine-Graben Research Group, 1974; Giese, 1976a; Meissner
et a1., 1976b; Prodehl et al., 1976; Mooney and Prodehl, 1977

17—240—20 05 00 95 Giese and Stein, 1971; Giese, 1976a; Mooney and Prodehl,
1977

20—070—22 05 00 59 Giese and Stein, 1971; Weber, 1973; Giese, 1976a; Mooney
and Prodehl, 1977

22—060—17 02 00 13 Mooney and Prodehl, 1977

240—LO—060 8 00 173 Bartelsen, 1970; Giese and Stein, 1971; Meissner and Vetter,
1974; Giese, 1976a; Glocke and Meissner, 1976; Meissner
et al., 1976 a,b; Mooney and Prodehl, 1977
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Fig. l. Location map of seismic-refraction profiles in the Rhenohercynian zone.

Explanation: 0—— profiles. 16-080-02 shotpoint code—azimuth—reversed shotpoint code.
12-240 shotpoint code—azimuth—(no reversed shot). o-—-o— common—depth point profile.
240-LO-060 with center near LOzLoreley.
Shotpoints:02 Hilders,03 Gersfeld, 05 Birkenau, 06 Adelebsen‚08 Kirchheimbolanden, l2 Roms-
thal, 13 Dorheim, 14 Mehrberg, 15 Büdingen, 16 Taben Rodt, 17 Bransrode, 20 Birresborn,
21 Bermel, 22 Dorndorf

Rhenish Massif is at present being investigated in detail in a broad-scale geoscien—
tific effort.

Within two former priority programs of the German Research Society:
The Deep Structure of Central Europe (1958—1964) and Upper Mantle Project
(1965—1974), explosion seismology investigations of central Europe were based
mainly on quarry blast observations. A part of these programs covered also
the Rhenohercynian zone where numerous quarries firing large explosions are
located. These programs are described in general by Giese, Prodehl and Stein
(1976); publications dealing with individual profiles are listed in Table 1. This
paper concentrates on the reinterpretation of profiles obtained within the area
of the Rhenohercynian zone during the two former priority programs mentioned
above. Figure 1 ShOWS the quarries used as shotpoints and the corresponding
profiles, while Figure 2 ShOWS the geologic position of these quarry blast Observa—
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Fig. 2. Location of seismic-refraction profiles on a generalized geologic map of the Rhenohercynian
zone and adjacent areas.
Expfanan'nn: Quaternary and Tertiary, |:| Mesozoic, [1:] Perrnian, 7/4 Carboni—
ferous and Devonian, Trachytes and phonolites, IVVV Young Tertiary volvanics,
EI Plutonites, 0-— Shotpoints and recording lines, o—o— Common-depth point profile,
AAI Loeation of cross section of Figure l7, BB‘ Location of eross section of Figure 18.
o Cities: AC Aachen, D0 Dortmund, LI Liege, KS Kassel, L Luxembourg, F Frankfurt,
BR Bruxelles, K Köln, GI Gießen, SB Saarbrücken, HD Heidelberg, NA Namur, MS Mün—
ster, M2 Mainz, WÜ Würzburg.
A ärdennes, E Eifel, H Hunsrück, HA Harz, HB Hessische Senke, MS Münsterländer Bucht,
N Neuwieder Becken, NB Niederrheinische Bucht, (Lower Rhine Basin), 0 Odenwald, RG Rhine
Graben, S Sauerland, S! Siebengebirge, N Saar-Nahe trough, SP Spessart, T Taunus, V Vogelsberg,
W Westerwald

tions. It can be noted that only a few of the profiles run entirely in the Rhenish
Massif proper but partly cross the volcanic areas within and east of the Rhenish
Massif. As the quarries with usable blasts are spread more or less randomly,
the normal requirement of seismic-refraction measurements of having reverse
and overlapping profiles could only be fulfilled by one special line running
from Birresborn in the Eifel (shotpoint 20 on Figs.1 and 2) to Bransrode
(no. l7) in the Rhön, which was initiated and organized by Stein (1977). Also,
the position of the profiles is not always Optimal with regard t0 geologic and
tectonie settings of the area.

In spite of these complications the record sections of the numerous profiles
exhibit a similar pattern of traveltime branches which permit a elassification
of the observed record sections in relation t0 its geologic and tectonic Situation.
Conventional flat-layer methods of interpretation using trial and error fitting
of traveltimes and amplitudes have been applied with care.

For some profiles the data clearly Show that lateral heterogeneities play
a major role. We have, however, produced for all profiles flat-layer approxirna-
tions of the velocity-depth structure. On the other hand, the variable quality
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of the available data and the infrequency of reversing and overlapping profiles
does not justify the use of a more sophisticated method which would take
care of lateral inhomogeneities in particular.

Correlation and Inversion of Phases

As a first step in the correlation we have identified the wave penetrating into
the basement, Pg, the Moho reflection, PmP‚ and the mantle “head” or diving
wave, Pn. In some cases other phases are apparent, while in still other cases
PmP or Pn are either weak or completely missing.

The general patterns of arrivals in the area of investigation ean be divided
into three types (Figure 3). In type I, we correlate only the Pg, PmP and Pn
arrivals. In type II, in addition t0 these phases we correlate, beginning at a
distance range of 60-—90 km, a refleeted phase between Pg and PmP, named
here PiP. Type III, similar t0 type I, ShOWS only one refleeted phase. However,
its apparent velocity at the eritical distance is much lower than that of the
PmP phase in type I. For this reason we here refer t0 it as PiP. The identification
of these three types of the pattern of arrivals is important beeause each type
corresponds t0 a distinct kind of crustal strueture. It should be pointed out,
however, that the phases PmP and PiP are not always true refleetions, but
often diving waves in a streng gradient zone on top of the eorresponding
boundary.

Type I: Data and Interpretation

Figures 4—8 show record seetions representing type I. The first four profiles
(17-240-20, 13-240-20, 22-060-13 and 20-070-22) eonstitute a reversing and over-

6 l I k 4|;

a 41 l
ä 2_ P P

+2
4 0" Pg r-
.L -2— P —

n
-4 v 1 xt so 100 150 200 250

6
l l 4* 4L

a 4- II _
f5 PmP
„o 2‘ P P ‘
‘ o- P _<‚' 9
|— -2- F}. r-

‘L I I I I
Ü 50 100 150 200 250

6 l I‘ 4L 4

ä ,4 III _
Z 2* Pip " Fig. 3. Three types (I, II, and III) of basic
<3 0' P9 l traveltime diagrams identified in the area of
'- -2- - . . . .

4 P" Investlgatlon (see text for explanatlon of
o 5'0 160 750

'
200 250 phases). Each type corresponds t0 a distinct

A (km) kind of crustal velocity—depth structure



579Crustal Structure üf the Rhenish Massif

uEEn
E

Eia
_o

555

.

u.

_EE

IIII

ucon

322

L555

„EEmoEmEm

ozufizä

36:38:00

_„Em

2285:

Ego—„IDEE?

.AEozoa

aozuuä

Emonätuflg

h

C;

x;-
_-_--——w- q

__„_ ‚3.
L'u

+
......

25mg

„GEHE...

m52

E

mfizococa

usw

meinem:

.
.

_V

cmEoäomachst—„3.50cmEtun.nimmt...

ä/Hflfi
.-.|d’r—„cum —

_‘

._

‘
.

„_mmmäa

E

maosum
„EU

ä

„Cm

Es...

I

ämcäwmao

Ü

„53.4%

„Gummäcmm
E

„QM

3?.q

„523m

A323

m3:

233m

_muüoäoü

„äuää

83065

2:
8

wfincoamutoo

muizo

uEEuä:

30338€

5:5

zosoum

Eouum

„EG

.omöwqt

2:95

.vää

|

.LIP

p.

_L

r
am

w„I
.‚

IA_
_

.7
„..:_

r

mm.

NL

‚I...

_.

r...
.u.n

r
u
|

_

_.

3mm

r

...UO

_

—

.I
„...

_I

.1:

.r

..f.

_r

_1
n.

.
_
.

_

„
.
u

m.

...

m

M_ummHEJT...

"J

_L—I

-' dann}?

«wY

‚FMW‘HIIW‘L— ;
. Mu'nvl'rfiW-I -

k.
„K:- "“7
‚J ‚.J J... .1„ .— ‚

x. „w: „ü.

4—]

|

Mal—I'm.

J,"

’ .m—«H—‚ppdll— .
'{

I

in};

i ' II .z ‘r _‚

q. q n
—_ -. —. ‚‘J H“; |1



W.D. Mooney and C. Prodehl580

mEEmoEmBm

„52:5?

mfivnoamotoo

U5

„65:3

Eauväzu2u>

„523m
‚G.

.wE
E

53m

huö

guuuxm

_mEMQEuÜ

„#333

‚9255:

Emov-b.62m>

BEQEE

5.“

8&3

0523m:

_mutohoufi

_„Em

„5:08

208m

„ach

‚omövmä—

uEEm

‚mär—

LT.

x

amm

cum

3m

cum

qmm

DE

m2

a1

P:.

an:

„um.

um

S.

am

o

.

_

.

p

‚

_

‚
1

.

_

_

.
_

.
„

k

F

.

.1

-.1-L-1|_

w-

S

_
__

F

M
__

_

‚
_
_

w

L

g

_

A

„

a

_

__

_

w

w

m‘

am

fi

._

_

.

__

ä

.

._

4

F

I..

‚H

l

.

.

.

„

_.

u;

M.

.r
‚

„

„w„

4
„
„„

F
+

„_w

sm

..

.I

‚...

1

__

4

um?

m

F
m

m

r.

__

4

9|

„_

rm1

„v

.

„

‚l

l

„

Ä

._

..

„m

_

F

_

m

‚_W
v

n.

_

_

.

_

h

‚w

„

N

_

_

_

.
m

.

.

_

_

J

1

_

_

_

q

*

q

_

1

.

33.95::

\I\llr‘

„a

„w...
IIIL„„„„„„„„

„„\\//

r

am-

mäy.

‚“III

.Llh
im....

Jä/„Mä
_‚

L0

fllr.

>

>

._

d

i.

„„.„„„.„„‚...‚....://‚/r/„„„‚

‚\\\\

gl

9%?

w+++_l|Ir/.>m%m_mw‚>>>„>>

Ä

on-ownnn_



Crustal Structure of the Rhenish Massif 581

th’lflfl “Mm

IWII’WMIN II1 W
WMW WM

WMWW W

Maifw

- h
Mq W

äfififiww

M

IhuMr: *w- Ms»:

muw'hvil

Mm“ -
mag '

IWWWUM''qJ'I‘flfl ‘ M

—.

f h
>

14W“N 'L'IWII‘JIIPI”“1
n

lt -
LJIL’ _„IM

\

>W Mr“ :
Ir I’W “wg—M

.. >
f > >

I
I ' o >

f In
> >

“WM’I:„H.
+ * 4

V

Fig.

6.
Profile

22—060-13.

Tap:

Record

section

with

theoretical

traveltime

curves

for
indicated

velocity-depth

function.

Broken

lines:

sub-critical

I’EÜECÜÜHS-

+
niplhht”vfixH"lvhvugq’hJ‘l'llll’lLI‘P'Lilfift‘l

..
+ *

4',
A

I
'

‘1'‚ 22 . . + Q5 .. l .20I' _ 2;I 8 + c + o [L4
.I

l'- c

‚’I g
I + / + + ‚E

N
I-I .“rr D. N

+
I

‘ 4. +
5

[1|3k
I
"I"i'vmnu ’l " + ‚bin

> >‘4I «I. 0
D“.

. I'u'„lfl'lllulll“fixHHFWUJM' — ' > :> + + + ß
lIII V

a l
’

.5I l J: I = -__-‚ 3..<1 m m __ ._ m * f64. .‚. + I I >- 'ffi
> r; 'F E

‚ä

m
l L

>
‚ä

‚I D'--.. t'-- _J__ _ _4 BE r” ”Jä um] Ü
3'

F“
. .‚ . . D go 9- 8 8 -:r E
H

Q(um z m



WJD. Mooney and C. Prodehl582

sozuzä

Emun-b_oo_u>

©3355
E:
5..

Eine

uEEuäb

_muzüoufi

„Es

„5:q

Eooom

‚moöNTE

950.5
‚w

‚ur—

__„____..‚—-..n.„._‚.._‚..‚—..‚

n-hrv— .

8-875;

.. .‚P__.‚ -9... ‘Jr-_--

m _._ _.
uf‘brv' .r-' «4- .r-J-‘fdi‘yl'f‘fifl'

“-l'

.—.wflfibfiß

„2-—2,4!M'.‘W‘1’.N’H—yl|5'|'4n""r

_

_

oq

-

rom
7.

l

-8
w

-

-9

d

„

o

m

m.

m

m

„8&5:

G

.mE
E

cuäm

m3:

„_Bmxm

_nawflouü

„Eancm

.Eumuä

„o:

Es

„_mptä
am

daraus.“

Enääöß?

8:365

2:

1.8

„eine

oEEuäb

E5835

van

„8:03

Eouom

„DRK

.mmönoämuEEm

Hür—



|00000595||

Crustal Structure of the Rhenish Massif 583

Table 2. Velocity-depth models shown in Figure 21. The number of each model refers t0 the profile
shown in Figure 1 from which it is derived

Depth Velocity Depth Velocity Depth Velocity Depth Velocity
(km) (km/s) (km) (km/s) (km) (km/s) (km) (km/s)

02—165—01 02—21 5 02—220—05 02—265

0.0 4.0 0.0 4.5 0.0 3.5 0.0 3.5
0.6 4.0 2.0 5.45 0.5 3.5 0.5 3.5
1.3 5.7 4.0 6.0 2.0 5.8 2.0 5.7
4.0 6.0 6.0 6.15 4.0 5.95 3.0 5.8
8.5 6.1 12.0 6.25 8.0 6.28 8.0 6.0

24.0 6.4 13.5 6.25 13.5 6.28 19.8 6.0
27.0 6.8 13.5 5.8 13.5 5.9 19.8 6.5
27.0 7.3 19.7 5.8 20.0 5.9 27.8 7.05
31.0 8.0 19.7 6.75 21.0 6.6 29.8 8.1
34.0 8.0 27.5 6.8 22.0 6.7
34.0 8.1 28.5 8.3 22.0 6.0

33.0 8.48 26.5 6.0
26.5 7.0
27.5 8.2

02—3 50—06 03—2 50 06—170—02 06—260

0.0 4.2 0.0 3.1 0.0 4.0 0.0 4.0
0.8 4.2 0.5 3.1 1.3 4.0 1.6 4.0
2.0 5.65 2.0 6.06 3.0 5.6 2.0 5.0
4.0 6.0 4.0 6.15 6.0 6.0 3.3 5.8
6.0 6.2 5.0 6.15 22.2 6.4 6.3 6.0
8.0 6.31 14.8 6.2 22.2 6.8 10.0 6.05

10.0 6.35 14.8 5.5 31.5 8.0 10.0 6.0
28.8 6.35 23.3 5.5 14.0 6.0
30.5 7.9 23.3 7.25 14.0 6.3

28.0 8.0 27.5 6.6
28.8 8.0

08—000 12—260 13—120—09 13—240—20

0.0 4.35 0.0 3.5 0.0 4.2 0.0 4.0
1.8 4.35 2.0 5.5 0.4 4.2 3.4 5.9
2.5 5.35 4.0 5.9 2.0 5.05 4.5 6.2
4.7 6.11 6.0 6.1 4.0 5.6 6.5 6.4
8.0 6.11 8.0 6.2 6.0 5.85 12.0 6.4
8.0 6.0 12.0 6.2 8.0 6.05 28.1 6.5

14.0 6.0 12.0 5.8 10.0 6.2 29.6 7.8
14.0 6.3 18.0 5.8 12.0 6.35
26.2 6.4 18.0 6.4 27.3 6.45
27.5 7.9 20.0 6.45 27.3 7.5

20.0 5.85
24.0 5.85
24.0 7.4
27.0 8.05
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Depth Velocity Depth Velocity Depth Velocity Depth Velocity
(km) (km/S) (km) (km/S) (km) (km/S) (km) (km/S)

14—0 1 0 14—090—02 16—080 17—240—20

0.0 4.2 0.0 3.0 0.0 3.0 0.0 4.0
1.0 4.6 0.3 3.0 0.5 3.0 3.0 5.75
4.0 5.8 1.0 5.0 1.5 5.0 4.0 6.1
6.0 5.95 4.0 5.85 4.0 6.1 5.2 6.3
8.0 6.1 6.0 6.0 6.0 6.2 12.0 6.3

12.0 6.15 8.1 6.1 8.0 6.25 27.5 6.6
21.4 6.15 12.0 6.25 28.5 6.6 28.2 7.7
21.4 6.9 12.0 5.8 31.0 8.4 31.0 7.9

(27.0 8.0) 20.0 5.8 33.0 8.08
20.0 6.6 45.0 8.17
26.0 6.8
32.0 8.1

20—070—22 22—060—1 7 240—LO—060

0.0 4.0 0.0 4.0 0.0 5.25
3.4 5.8 0.6 4.0 0.3 5.5
4.0 6.0 1.0 5.7 0.6 5.9
6.7 6.25 2.0 5.7 2.1 6.35

12.0 6.25 2.0 5.9 6.0 6.35
27.8 6.65 4.0 6.0 6.0 6.15
27.8 7.3 8.3 6.05 15.8 6.15

(32.0 8.0) 8.3 6.3 15.8 6.65
29.0 6.55 17.0 6.65
30.3 8.0 17.0 6.45

22.2 6.45
22.2 6.70
23.7 6.70
23.7 6.45
29.0 6.45
30.0 8.1

lapping system from the Hessische Senke into the Eifel (Figs. 1 and 2). As
can be seen on the geologic Sketches of Figures 4, 5 and 7, the line avoids
significant oontact with the young Tertiary basalts of the Vogelsberg and the
eentral Westerwald, but passes through the trachytes and phonolites of the
eastern Eifel and adjaoent Neuwieder Becken. The fifth profile of type I discussed
here, 13-120-09, is located eompletely outside of the Rhenish Massif.

On all profiles the phases Pg and PmP are clearly Visible, PmP being always
the dominant secondary arrival at distanees greater than 90 km. Pn is Visible
to a varying degree on all profiles of suffieient length (i.e. more than 200 km)
exeept on profile 20-070-22. A slight deviation from the type I-pattern of arrivals
is exhibited in profile 22-060-13. Here an additional phase has to be eorrelated
following the Pg phase by about 0.25 seconds.
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For all profiles individual velocity-depth functions have been determined
(Figs. 4—8). The corresponding computer-produced traveltime curves have been
superimposed on the data. Table 2 lists all velocity-depth functions discussed
in this paper. In addition, for profiles 17-240-20 and 13-240-20 synthetic seismo-
grams are shown in Figures4 and 5. On profiles 17-240-20, 13-240-20 and
20-070-13 the crustal structure is very similar. The velocity increases continuously
with depth reaching 6.3 km/s at about 5 km. With further depth it increases
only a few tenths of km/s before reaching the crust-mantle boundary. For
profiles 22-060-13 and 13-120-09 the velocity-depth functions look similar except
for the upper crust.

The structure of the crust-mantle boundary is variable. On profiles 17-240-20,
13-240-20 and 22-060—13 it consists of a thin transition zone at 28—30 km depth
with a strong velocity increase from 6.6 to 7.8—8.0 km/s. Profiles 20—070-22
and 13-120—09 show a strong velocity increase up to only 7.3—7.5 km/s; for
the former, detailed knowledge of upper-mantle structure is lacking due to
the absence of Pn arrivals; for the latter, Pn arrivals indicate that a low velocity
of „7.5 km/s seems to continue to greater depths beneath the Moho. For
profile 17-240-20 a greater resolution of the structure immediately beneath the
Moho can be obtained. Strong Pn arrivals and especially the Pn/PmP amplitude
relationship suggests positive velocity gradients and a velocity step in the upper-
most mantle as shown in Figure 4 (see also Table 2).

From the preceding five profiles the following conclusion seems to be justi-
fied: the data obtained in the area between shotpoints 20 and 17 define a
similar and relatively simple crustal model. In concordance with the geologic
province, this model is here referred to as the Rhenohercynian Model (Fig. 9).
Basically it is characterized by a rather homogeneous crust between 5 and 28 km
depth where the velocity increases only slightly from 6.3 to 6.6 km/s, a thin
crust-mantle transition of about one kilometer thickness within which the velo-
city increases rapidly up to about 7.7 km/s and an additional positive velocity

v l km/sec)
3 5 7 9

g
204

N

l

. . 30—
Flg. 9. Rhenoher'cynlan model. Standard
crustal model based on the common results
of several seismic profiles (see discussion
in the text) 1.0

Rhenohercynian Model
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gradient beneath the Moho which produces an average upper-mantle velocity
of 7.9—8.0 km/s.

Type II .' Data and Interpretation

The profiles of type II show greater variability in crustal structure than those
of type I. As mentioned above, in addition to the PmP phase, a second phase,
named here PiP, can be correlated in later arrivals. This phase may be either
weaker or stronger than the PmP phase. The profiles where PmP is dominant
will be discussed first.

The original data of profile 240-LO-060 (Fig. 10), a specially planned wide-
angle reflection profile with a common depth point along the strike of Hunsrück
and Taunus, are published by Giese et a1. (1976, Appendix, Map 3, record
section 62) and Meissner et a1. (l976a, Fig. 3). Profiles 08-000 (Fig. 11) and
06-260 (Fig. 12) are observed from shotpoints outside the Rhenish Massif. 08-000
crosses the Saar-Nahe-Trough, Taunus and Westerwald in south-north direction,
while 06-260 is located at the northern margin of the Rhenish Massif extending
westward from the Solling into the Ruhrgebiet. All three profiles show a strong
PmP phase as the dominant feature in the secondary arrivals; however, an
additional phase can be correlated indicating an intermediate crustal reflector
at about 15 km depth, where the velocity increases from about 6.0 to 6.4 km/s.
Similar to the profiles of type I, the presence of clear PmP arrivals at approxi-
mately 80—100 km distance defines a relatively thin crust-mantle transition zone,
N1 km thick, with a strong velocity increase. The velocity structure beneath
the Moho is rather uncertain because these profiles extend to a maximum
range of only 160 to 190 km and show only very weak indications of Pn.

The profiles 14-090-02 and 02-265 (Fig. 13) can also be regarded as belonging
to type II. Both profiles cross the young Tertiary volcanics of the Vogelsberg
and the central Westerwald. In contrast to the profiles just discussed, the PmP
phase is not the dominant secondary arrival. Rather, the strongest arrivals
are formed by a phase reflected from a boundary within the lower crust at
about 20 km depth. For these profiles a 6—8 km thick crust-mantle transition
is derived by traveltime and amplitude mod‘elling. Also the observed Pn velocity
(N8.l km/s) is greater than on the adjacent profiles.

b l
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Fig. 10. Profile 240-LO-060. Derived velocity-depth function and synthetic seismograms
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In profile 14-090-02 the Close fitting of the traveltimes of the Pg phase
(upper part of Figure l3) produces high amplitude Pg arrivals which d0 not
agree with the observed Pg/PiP amplitude ratio. Consequently in the synthetic—
seismogram calculations the upper crust has been simplified t0 produce ampli-
tude ratios closer t0 those Observed (middle part of Fig. l3). The resulting
traveltime deviations are less than 0.2 seconds and may be attributed t0 lateral
inhomogeneities.
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A feature general t0 all profiles of type II is a lower average velocity
(N61) km/s) in the depth range between 5 and 15-—20 km than that observed
011 most profiles of type I (m63 km/s).

Type III: Data and Interpretation

Two of the profiles diseussed here, 03—250 and 12—260, eross several geological
units, and therefore lateral heterogeneities have t0 be suspected. Both profiles
extend from the Hessische Senke through the northern end of the Rhine Graben
into the Rhenish Massif. For profile 03-250 (Fig. 14) the later arrivals reeorded
up t0 90 km distanee are interpreted as a reflection, here called PiP, from
a boundary within one geological unit, the Hessische Senke. The velocity-depth
strueture based mainly on these and P„ arrivals is shown in Figure14. The
synthetie seismograms emphasize the indeterminant eonfiguration of the crustal
velecity inversion; both adequately model the large—amplitude (PiP) refleetion
arrivals whieh are observed between 65 and 90 km distanee. The presenee of
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this phase can also be recognized, although less olearly, in profile 12—260
(Fig. 15). For both profiles, the low apparent velocity of the PiP phase and
the well-defined Pn phase are best modelled as shown in Figures l4 and 15.
At a depth of 23—24 km the velocity inoreases rapidly frorn less than 6 to
about 7.3 km/s. The velooity increases then gradually with depth, reaching an
upper-mantle velocity of 8.0 km/s at 27—28 km depth. In profile 12-260 we
have indicated an additional phase between Pg and PiP indicative of a complex
structure within the region of general velocity decrease. Scattered arrivals be-
tween Pg and PiP are also present in profile 03-250, but have not been modeled.

A similar PiP phase is observed on profile 14-010 (Fig. 16) extending north-
ward from the Siebengebirge through the Rhenish Massif into the Münsterländer
Bucht. At about 100 km distance a phase is weakly indicated in later arrivals
whioh if interpreted as a remnant of a reflected phase would yield a depth
of about 30 km. However, because of its uncertainty it is not taken into account
for the calculation of the velocity-depth function. The Pl1 phase is poorly recorded
due to the sediments in the Münsterländer Bucht. The derived velocity—depth
function shown with synthetic seismograms in Figure 16 is similar to those
of profiles 03-250 and 12-260, but does not Show a velocity inversion within
the crust.
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Crustal Strueture ef the Rhenish Massif

In Figures 17 and 18 an attempt has been made to compile the main features
of erustal strueture along two seleeted lines through the Rhenish Massif. The
first line (Fig. 17) crosses the Rhenish Massif in an E-W direotion (AA’ in
Fig. 2). The eastern part of the cross section is located in the Hessische Senke,
Showing a strueture which looks very similar to the Rhenohereynian type:
a rather homogeneous erust separated from the upper mantle by a well-defined
erust-mantle transition zone. Continuing to the west, beneath the Vogelsberg,
the erustal structure gets more complieated. The main features are a seismic
discontinuity at a depth of 20 km and the replacement of a clear erust-mantle
boundary by a wide transition zone. Entering the Rhenish Massif the Rhenoher-
eynian structure is again encountered. The area of the central Westerwald,
covered by young Tertiary basalts, however, ShOWS an anomalous strueture
similar to the one evident beneath the Vogelsberg. In contrast, the area eovered
by trachytes and phonolites further t0 the west in the eastern Eifel and adjacent
Neuwieder Becken, while apparently Showing an undisturbed Rhenohereynian
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orustal struoture, ShOWS an anomalous mantle: the olear PmP arrivals reach
an apparent velocity of only 7.3 km/s, and Pn arrivals are not at all visible.

The seoond line (Fig. 18) crosses the Rhenish Massif in a NW-SE direetion
(BB’ in Fig. 2). The northern part of the section is located at the edge of
the Lower Rhine basin. Although it is not evident from its geologio setting,
the Rhenish Massif in the region east of Cologne ShOWS an unexpectedly anoma-
lous erustal structure: a seismic discontinuity is apparent at about a 2l-kilometer
depth followed by an apparently smooth and continuous transition to the upper
mantle. Towards the southeast, east of the Siebengebirge, no data are available.
The voleanic area ofthe central Westerwald, whose erustal structure also appears
in section AA’, also exhibits an intermediate crustal boundary and wide erust—
mantle transition zone. Comparing this structure with that observed east of
Cologne, it ean be suggested that the Rhenish Massif east of the Siebengebirge
also consists ofa similar anomalous crust. South of this volcanic area the Rheno-
hercynian crust is encountered. Upon entering the Taunus, the densely-recorded
profile (240-LO—060) has revealed a more complex crustal strueture whose main
features are pronounced discontinuities at about 16 km and 29 km depths. Due
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t0 the manner of recording and incomplete length of the profile 240-LO-060
it cannot be conclusively stated whether the lack of Pn arrivals is due t0 mantle
velocity structure. Entering the northern end of the Rhinegraben the crustal
structure changes yet again: a low-velocity upper crust reaching a discontinuity
at 23—24 km is followed by a high-velocity lower crust which gradually reaches
upper mantle velocity.

Similar t0 the two eross—sections just discussed, a rapid change in crustal
structure is evident along the line between shotpoints O2 and 06 in the Hessische
Senke. The observed data of profiles 02-350-06 and 06-170—02 shown in Fig-
ures 19 and 20 evidently d0 not contain phases representing reflections from
the same depth range. The independently derived velocity—depth functions shown
with the data are of type I and III, respectively, though they represent crustal
structures separated by only 25 km distance. Thus, though it is not evident
from the geologic setting, strong lateral heterogeneities are indicated for this
region.

Discussion

The results are summarized in Figures 21 and 22. Figure 21 shows the geographic
location of the velocity-depth functions obtained for each individual profile,
each inlet being placed approximately in the area for which it is representative.
Figure 22 summarizes the main features of crustal structure. To a certain extent
these maps reflect the features discussed for the individual profiles as type I, II
and III. For the major part of the area of investigation a strong reflection
from a depth of 28—30 km is found. For the areas of young Tertiary volcanism,
this reflection is only weakly indicated, and in three widely separated areas
none is observed.

A similar variation is observed for intracrustal reflectors, which some authors
refer to as Conrad or/and Sub—Conrad boundaries (e.g. Meissner et al., 1976 a).

Such a reflector is notably absent in a large area north and east of the
Vogelsberg and in the Eifel west ofthe Rhine. In contrast, the Hunsrück and Taunus
as well as some areas at the northeastern and southeastern edge of the Rhenish
Massif d0 contain intracrustal reflectors. In the areas of young Tertiary volcan—
ism this intracrustal reflector produces by far the dominant phase. Finally,
there d0 exist areas where only a strong reflection from depths within the
crust is obtained, while the crust-mantle boundary is only indicated by a gradual
transition from crustal t0 upper-mantle velocities.

The results obtained by the reinterpretation of the profiles discussed in
the previous sections differ in detail but in general strengthen and confirm
the results published by various authors at earlier stages. Fritsch (1971) discusses
in detail results of short-range refraction measurements in the Siegerland. His
results for the uppermost crust are confirmed by those presented here for profiles
14-010 and 14-090-02 which eross the neighbouring regions. In the same
geographic area, Dürbaum et al. (1971) report the recording of strong reflections
with 5—7 seconds two-way traveltime. This may correspond t0 the strong reflector
at about 20 km depth found on both profiles radiating from shotpoint l4 (see
Fig. 21), thus supporting the assumption that such a boundary may continue
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Fig.21. Map of Ihre: areal distribution of the velocity-depth functions derived in Ihe present study.
The shot-points are indicated in bold letters. The velocity-de-pth functions are representative für
the area into which they have been placed (see text for discussion)

from the central Westerwald towards the north and northwest, a5 indicated
in Figure 18.

The interpretation of the profile 240—LO—060 is based on our agreement
with the phase correlation published by Meissner et a1. (1976 a). It is therefore
not surprising that despite some minor differences the results of depth determina—
tion correspond quite well. The major difference is that our M-discontinuity
is sharper than that proposed by Meissner et al. (19762-1). Though the data
of the profile 08-000 are not of good quality, the agreement of the resulting
model with the model obtained for profile 240-LO-060 is surprisingly
good! As shown by Glocke and Meissner (1976), the interpretation of these
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Fig. 22. Map of the area of the Rhenohercynian zone Showing main features of crustal strueture.

Expfanarion: ä strong refleetion from a depth of 28-30 km, weak reflection from a
r I / ‚depth of 28--30 km, a strong reflection from a depth between 10 and 22 km, weak

reflection from a depth between 10 and 22 km, o shotpoints at quarries, o shotpoints of wide-angle

profile. Profile lines are indicated in Figure 1

wide-angle measurements is in good agreement with that of the near—angle
reflection survey carried out along the same line. The first results obtained
by Bartelsen et a1. (1975) for the seismic-reflection measurements along the
geotraverse Rhenoherzynikum, which at its northern end crosses the line 240-LO-
060, also indicate a similar depth range of the main reflectors.

Profile 20-070-17 has been interpreted by Weber (1973). The corresponding
velocity-depth function given here ShOWS the same average properties of upper
and lower crust, but differs in the shape of the crust-mantle boundary. As
Pn arrivals have not been recorded on this profile it can neither be deeided
whether the velocity reaches values of 8 km/s nor t0 which depth the crust-mantle
transition zone extends. The lack of 13’n on this profile does, however, argue
against strong positive velocity gradients below the crust-mantle discontinuity.

The particular shape of the velocity-depth distribution for the area of the
northern end of the Rhine Graben has been discussed by Meissner et al. (1976 b),
who also obtain a gradual transition below a reflector at about 22 km depth,
below which the velocity increases gradually towards upper-mantle values with-
out forming a distinct erust-mantle boundary. A similar shape of the crust-mantle
transition zone is also found for the southern Rhine Graben proper (Edel,
1975; Edel et 3.1., 1975; Prodehl et al., 1976).

The 1ine between shotpoints 02 and 06 and its northward and southward
extension has been previously intensively studied (see, e.g., Fuchs and Landis-
man, l966a,b; Wangemann, 1970). Corresponding to the result shown in Fig-
ure 20 for profile 06-170-02, Fuchs and Landisman (1966 b) deseribe a 7.2 km/s
refraetion line whieh is also evident in the crustal model whieh the authors
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regard as representative for the South German Triangle. However, in comparing
profiles 02-350—06 and 06-170-O2‚ they do not make note of the strong lateral
changes which are commented on in the present paper.

The most extensive discussion of the data reinterpretated in this paper has
been published by Giese and Stein (1971) and Giese (1976 a). These papers
summarize all quarry blast data available in Western Germany, and Giese
(1976 b) discusses them within the corresponding geological framework. Similar
to the results shown in Figures 21 and 22, Giese (1976 a) shows areas of reduced
upper—mantle velocities which, according to his interpretation, are connected
with decreased crustal thickness. In our interpretation, we have defined a
reflector at about 22 km depth as an intracrustal reflector beneath which the
velocity increases gradually to upper-mantle velocity values. Giese’s (1976b)
conclusion that the existence of a wide crust-mantle transition is connected
with areas where young Tertiary volcanism occurred is confirmed by our rein-
terpretation.

Conclusions

Although there are some gaps in the data in the profiles between shotpoints
l7 and 20, it can be stated that the absence of an intermediate phase PiP
is due to crustal structure and not due to insufficient data. The Pn phases
also show varying quality, being well recorded on the profile 17-240-20 and
apparently absent on profile 20-070-17. This lateral variability may correspond
to that which is well known from the results of reflection profiles.

According to the geological Situation the Devonian and lower Carboniferous
sediments of the Rhenish Massif continue into the Hessische Senke beneath
a thin cover of Buntsandstein and Tertiary sediments which at the most are
only some hundred meters thick (Henningsen, 1976). This is in agreement with
the result described in this paper that in general a “Rhenohercynian model”
can be derived both for the Rhenish Massif and the Hessische Senke, as far
as they are not covered by extensive volcanic features. In this context it is
to be questioned why the Hessische Senke did not take part in the uplifting
process of the Rhenish Massif.

As has been also observed by Giese (1976b), the influence of volcanic events
on crustal structure is significant. This is shown in the cross section traversing
the Rhenish Massif in an E-W direction (Figure l7). The crustal structure be-
neath the volvanic area of the eastern Eifel and adjacent Neuwieder Becken
(which is covered mainly by phonolites and trachytes) is very different from
the structure beneath the central Westerwald and the Vogelsberg where young
Tertiary basalts are exposed. The petrologic differences seem to explain the
differing seismic wave propagation. The tholeiitic magmas of the Vogelsberg
and the central Westerwald may originate within the uppr mantle at depths
greater than 60 km. During their eruption through the crust the crust-mantle
boundary has been heavily disrupted and to a certain extent been replaced
by a boundary at intermediate depths of about 20 km. The alcalic volcanism
of the eastern Eifel has evidently influenced the upper mantle immediately
beneath the Moho, and so attenuates the propagation of Pn waves penetrating
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into the uppermost parts of the mantle. There remains, however, a sharp crust—
mantle boundary thus giving the strong reflection of seismic energy.

The continuation with depth of surficially visible volcanic and tectonic featu-
res is also reflected in the nature of the crustal structure and the crust-mantle
transition in other areas. For example, the crustal structure of the central Massif
of France changes rapidly when crossing the Limagne Graben and the volcanic
areas of the Auvergne as shown by Perrier and Ruegg (1973) and Hirn and
Perrier (1974).

As is evident from the cross sections in Figures l7 and 18, and the maps
in Figures 21 and 22, in areas where weak or no Moho reflection is found
the intracrustal reflector at about a 20—22 km depth produees strong reflected
seismic energy. For the southern Rhine Graben Edel et al. (1975) have shown
a highly anomalous crust-mantle transition between 20 and 25 km, which may
be caused by mass intrusion from the upper mantle or by phase transformations.
A similar anomalous structure is also found in that part of the northern Rhine
Graben covered by this investigation, and may also be valid for the area east
of Cologne and the areas of young Tertiary volcanism. While the crustal structure
typical for the Rhine Graben area definitely terminates at the northern end
of the Vogelsberg it may be suggested that the Rhine Graben-like crustal struc-
ture is also present in the area east of Cologne and the Lower Rhine Basin.
While no crustal information is available for the Lower Rhine Basin proper
it has been observed (e.g., Ahorner, 1970; Bonjer, 1977) that an earthquake
aetivity similar to that of the Rhine Graben area is observed in parts of the
Rhenish Massif and the Lower Rhine Basin.

Concerning the Rhenish Massif proper, the map showing the main features
of crustal structure (Figure 22) also indieates a division of the Rhenish Massif
parallel to its strike. While the southern part—Hunsrück and Taunus—Shows
some structure within the crust, the central part—Westerwald and Eifel—is
Characterized by a more homogeneous crust. This is concordant with the geologic
observation that the southern part of the Rhenish Massif has been subjeeted
to a higher grade of metamorphism (Henningsen, 1976). Bonjer (1977) has
shown that the areas showing a higher grade of metamorphism such as Hunsrück
and Taunus in the south as well as Hohes Venn (northern Eifel) in the northwest
are connected with increased microearthquake aetivity. Also in the northeastern
corner of the Rhenish Massif, which is traversed by profile 06-260, slightly
increased metamorphism is indieated in the Lippstädter Gewölbe (Hoyer et al.‚
1974). It does not seem unreasonable to suggest that the areas, where a higher
grade of metamorphism and increased seismicity are indieated, have been up-
lifted versus the adjaeent areas and that eventually the intermediate crustal layer
found here may be identified with a fossile crust-mantle boundary of pre-Tertiary
tirnes.

There remain many open questions which cannot be solved with the data
available. Only little can be stated about the Hercynian basement beneath the
Devonian and Carboniferous sediments. A special structure of the orust and
the upper mantle beneath the Tertiary volcanic areas is clearly indieated by
the existing data. However, for a detailed resolution, more data are required.
The same is true for the possible differences between the Rhenish Massif and
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the Hessische Senke; the structure we have presented here is very similar in
these areas. Considering these uncertainties, a contour map of the depth of
the crust-mantle boundary has not been constructed.

As only few profiles extend into distances beyond 150 km, the determination
of the upper—mantle velocity is rather uncertain. Thus, it is also an open question
to what areal extent Pn waves are attenuated when passing the region of Quater-
nary volcanism of the eastern Eifel. Bamford (1973, 1976a, b) has concluded,
on the basis of a larger data set than considered here, that there is significant
anisotropy in the upper-mantle P—wave velocity in Germany. As Figure l shows,
the profiles considered in the present paper are not favorably arranged to detect
azimuthal variations in Pn velocity. On the process of preparing this paper
the authors did, however, note the indication of another sort of anisotropy,
namely anisotropy in the Pn/PmP amplitude ratio. A more complete study of
this type of anisotropy seems to be warrented at this time.

The results of this investigation are regarded as the basis for future work
in order to fill gaps where necessary and to plan carefully towards the detailed
investigation of the crustal structure of selected areas and towards the extension
of our knowledge into the lower lithosphere, aiming especially towards the
problem of vertical movements in the area of the Rhenish Massif and adjacent
areas.
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The Reflectivity Method for a Buried Source

R. Kind
Seismologisches Zentralobservatorium, Krankenhausstr. 1—3, D-8520 Erlangen,
Federal Republic of Germany

Abstract. The reflectivity method for the computation of theoretical seismo-
grams is extended for the oase of a point source buried in a layered medium.
Two sources are eonsidered, an explosive source and a vertical single force.
Appearing accuracy problems are solved. Poles of Rayleigh waves are shifted
away from the real axis of the wavenumber plane by introducing attenuation,
in order to allow numerioal integration along the real axis. The results of
several oomputations are discussed. This method allows the computation of
complete seismograms including surface waves, leaking modes and all body
wave phases, including depth phases like pP.

Key words: Theoretical seismograms — Buried souroe — Thomson-Haskell
matrix formalism.

Introduction

The reflectivity method of Fuchs (1968) computes theoretical seismograms for
the case of an explosive point source located in a half-space on top of a layered
medium. The essential points in this method are the numerical integration over
the wavenumber and the application of the Thomson-Haskell matrix formalism.
This method has been used extensively in various fields of seismology. It
computes complete theoretical seismograms, of course only for the model, for
which it was derived. Surface waves and body wave phases, which are due to the
depth of the focus in the earth are not computed by this original version of the
refleotivity method. The problem of the computation of the displacement at the
free surface due to a source buried in a layered medium was solved analytically
by Harkrider (1964). In the present paper a method is desoribed, which applies
numerioal integration to Harkrider’s analytical solution. The same accuracy
problem, which is well known from the Thomson—Haskell formalism and which
was solved by the delta matrix extension (Dunkin, 1965), also appears in the
present numerical method. A solution of this problem is given. The numerical
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integration is carried out along the real axis in a finite wavenumber window.
Rayleigh poles are shifted away from the real axis by the introduetion of
attenuation. Therefore, theoretical seismograms computed by this method al-
Ways inelude the influenee of attenuation.

Method

Details of the analytical derivation are given by Harkrider (1964). His results are
summarized in the following. He derives the horizontal and vertical surface
displaeements, uo and wo, for the case of a layered medium from the matrix
equation

An üo/C A1
A W /c An

=J
0

A_1
2

‚ 1a)" 0 + A3 ()

(an O A4

where An and wn are the potential coefficients for P—S V waves in the half-space, J
is the product of the Haskell matrices (Haskell, 1953) of the half-space and of all
layers. A is the product of the Haskell matriees of all layers above the source,
and (A 1, A2, A3, A4) is the discontinuous displacement-stress source vector. The
homogeneous source layer is divided into two layers at the source level. Only
the part of the source layer above the source is eontained in A. Rewriting (1) in
the form

An W
A Xn

=J

con Y
a) Z

and solving for üO/c and wO/c yields (see Harkrider 1964, 1970)

üo/C=W—(A44A1 _A34A2‘1'A24A3—A14A4)

wo/C=X—(—A43A1 +1433 112—14123413 +A13A4)

with

X=R12
Y+RlsZ

_Rll

W=R14
Y+RISZ

R11

and

Y:A42A1—A32A2 +142143—14124‘4

Z: —A41 A1+A31 Az—A21A3+A11A4—
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The AU. are obtained from the Algl using the relation Aij=(—1)i+i}1,
which is due t0 Haskell (1962).

The R5, are Dunkin’s (1965) delta matrix elements of the J-matrix. Their
definition is

j k
Rst=J (Im)=lk—iJkl

where s= 1,2, 3,4, 5,6 corresponds t0 the pairs jk: 12, 13, 14, 23, 24, 34 and with
the same correspondence of t t0 lm (see Harkrider (1970)). Or, again in matrix
form, one obtains

Ruüo/C —R11 O R13 R15 A1
—R11W0/C _ O R11 R12 R13 A‘l A2 (2)0 O 0 O O A3

O 0 0 0 0 A 4s

Symmetry properties of R5, and Aij,
obtaining (2).

The surface displacements cannot be computed numerically using (2) for
lower phase velocities than the velocities of P- and S-waves due t0 accuracy
problems. These are the same problems, which led Dunkin (1965) t0 introduce
in seismology the delta matrices instead of the Haskell matrices. Öerveny (1974)
has proposed t0 compute Haskell matrix elements from delta matrix elements in
order t0 improve the accuracy. However, attempts t0 apply this method to avoid
numerical problems did not result in great improvements.

For the case of one layer on top of the half-space where the source is on the
bottom of the layer, (2) can be written in this form:

11ke R132R14 or A11:A44‚ are used In

_R{, 0 R’13 R15 A
—R;1 0 R123 R35 A1

R11üo/C:(R’1l1R}1122R'113R’1’5R}116) —Rl31 0 Rä3—0.5 R’35 0(Al)_1 2

—R1151 O R23 R25 33

—R161 0 R63 R165
4

(3)
0 R11 R112 Rls A
O R31 R52 R23 A1

—R11wO/c:(Rll1R}1122R’113R’115R’116) 0 R31 Räz Rä3—0.5 -(Al)—1
A2

0 R21 R22 Räs A3
0 R21 Räz R23 4
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where h and l stand for half—space and layer, respeetively. Watson’s (1970) reduced
delta matrix extension is used to work with 5 >< 5 matrices instead of 6 x 6
matriees. Multiplying the two layer matrices first, one obtains

—A;2 A12 O 0

—A;2 o A52 o jl
R11üo/C:(Ri11Ri12RiI3RilsRi16) “A4112 —Aä3 A52 Aiz A2

0 ‘14512 0 A52 A3
0 0 _Azltz A552

4

_Al Ai1 0 0 A
‘Ain 0 Aii O A1

_R11Wo/c=(Ri11Ri12Ri13Ri15Ri16) “LAzlu _Ailil A51 Ai1 A2 (4)
0 —A}„ 0 A51

A3
0 O “A41 Aä1

4

The result of the multiplication of the Haskell layer matrix and the delta layer
matrix in (3) is a matrix oontaining only Haskell elements, and not a new type of
elements, as one could expect. If in (4) the Haskell elements for one layer are
replaced by elements of the Haskell produet matrix of any number of layers, (4)
is still true. This was also ehecked numerically for eases where numerieal
problems do not appear. In this case the label h means the half space and all
layers below the source, and the label l means all layers above the source. Using
(4) means doing a (1 x5) delta matrix multiplieation through the complete
model, because R11 is needed. When the souree level is passed, the elements of
the (1 >< 5) produet delta matrix must be stored. A (4 >< 4) Haskell matrix
multiplieation through all layers above the source is also required. Then the first
two columns of this Haskell product matrix is used to set up a matrix aceording
to (4). This new matrix is then multiplied with the (1 >< 5) product delta matrix,
which contains only layers up the source level. The advantage of using (4) is, that
the numerieal problems disappeared in all encountered eases. The equations(4)
eontain mueh simpler expressions than (2).

Harkrider (1964) has given the displacement-stress source veetor for several
source types. We will use in the present paper only two of these souroes, the
vertieal single force and the explosive point source. The source veetor for the
vertical single force is according to Harkrider (1964) (O, O, —l—L(co)k/(27t)‚0)‚
where i is the Fourier transformed force—time funetion and k the wavenumber.
If we express the compressional potential of the wave radiated from the
explosive point souree as Z(co) exp(—ika R)/R‚ then we obtain for the source
vector of the explosive point souroe, following Harkrider (1964), the expression
(O, —2ik21:(co)‚ 0, 4ik2 ßf psi(w))‚ where i is the imaginary unit and ßs and PS
are the shear relocity and density of the source layer, respectively.

Finally Harkrider (1964) arrives for the eonsidered two sourees at the
following expressions üo and W0 for the Fourier transformed surface displace-
ments
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k21ü0= —yEuO/c11(kr)dk
klkzl (5)

wo: —i j EWG/cJo(kr)dk.k1

Here the integration is already limited to a finite k—window. J0 and J1 are the
Bessel functions of order zero and one. The asymptotic approximations of the
Bessel functions for large arguments for propagation in positive r—direetion is
used. Since the integration is carried out along the real axis, attentuation is used
to shift the poles away from the real axis. The attentuation is determined by the
Q-factor for P-and S-Waves in each layer. The Q-factors are used to determine
complex velocities (see Schwab and Knopoff (1972)). The integrals (5) are
computed numerically using the trapezoidal rule.

A Test of the Method

In order to test the method, the displaeements at the surface of the homo-
geneous half-space was computed for a vertical single force at a depth Close to
the surface. This problem is very similar to Lamb’s problem (Lamb, 1904). The
differences are, that in the original form of Lamb’s problem the foree is acting at
the surface of the half-space, and the effects of attenuation are included in the
present solution of the problem. A half-space was chosen with a P velocity of
6.0 km/s, and an S velocity of 4.5 km/s, and a density of 2.5 g/cm3. The
attenuation factor Qa for P waves was 200, and Qß‚ the attenuation factor for S
waves was chosen to be 4/9 Qa. The source depth was 1km. The spectrum L(w)
of the vertical single force L(t) was chosen as follows:

i(w):% (1+cosäg)‚ —wogwgw0 (6)
o

where wo =27r/TO, T0 = 1.4 s (cut-of period). The time function of this spectrum is
similar to Lamb’s original input Signal. The acausality of this input Signal is
removed by a time shift of half the duration.

In Figurel are shown the vertical and horizontal displacements of the
Rayleigh wave. The same seismograms are plotted on a 40 times larger ampli-
tude seale in Figure 2, in order to make visible the much smaller P and S waves.
The Signal forms of all phases are in very good agreement with those obtained
by Lamb. Two seismograms from Lamb’s paper can be found in Ewing,
Jadetzky and Press (1957, Figs.2—18). The same problem was also computed by
Müller and Kind (1976) with similar good results, using a different version of
the reflectivity method. There are differences to the seismograms obtained by
Lamb in the Figurel and 2, which result from the somewhat different model.
The amplitudes of the Rayleigh waves deeay faster than the inverse square root
of the distance, which is due to the attentuation. It is also possible to see in
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Fig. l. Theoretical seismograms for Lamb’s problem computed with the reflectivity method für a
buried source. Tep: vertical displacement components (upward motion t0 the left). Bottom: radial
displacement component (motion towards the source to the left). The dominant arrival is the
Rayleigh wave

Fig. 2. Same as Figurel on a 40 times larger amplitude scale. The Rayleigh wave amplitudes are
clipped. Dashed lines mark non-physical phases which are due to the computational method. They
are also IIIisible in other figures

Figure 1, that fhe seismograms at larger distances contain less high frequencies
than those at shorter distances, which is also due t0 the attenuation. Another
difference t0 Lamb’s original seismograms Can be seen in Figure 2: The sign of
the P wave on the horizontal component is reversed. This is due to the Iocation
of the receivers at a level above the source, where the first motion of the P wave
of the vertical single force is dilation.

Examples

A few examples of computed seismograms will be disoussed in this section. The
Jeffreys-Bullen earth model was used in all examples. The earth-flattening
approximation of Müller (1977) is applied. The P wave attenuation factor Q0E
was assumed 50 in the crust, 200 in the uppermost mantle with a gradual
increase to 5000 at 800 km depth. The high attenuation in the crust was chosen
in order t0 make the integrand smoother and t0 save computer time. The choice
of Q is no limitation of the method. The S wave attenuation factor was assumed
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Fig. 5. Vertical (top) and radial (bottom) ground veloeity components due to a vertical single force at
300 m depth

Fig. 6. Vertical (top) and radial (bottom) ground displacement components due to an explosive point
source at 300 m depth. All other parameters are identical in Figures 5 and 6

to be 4/9 Qa. Figure 3 shows eomplete theoretical seismograms for an explosive
source in 300 m depth. Equation (6) was Chosen as source spectrum with a short
period cut-off at TO=8.4 s. The dominant phases are P and S and the Rayleigh
waves. The Rayleigh waves show Clear regular dispersion, shorter periods, Whioh
would show inverse dispersion, are not contained in the source Signal. P decays
very rapidly beyond about 20°, this is due to the assumption of a homogeneous
half-space below 800 km depth in the model. Weak indications of PP are Visible.
The complication of S on the radial component beyond 20° is probably due to
interference with shear coupled PL-modes. Direct PL-modes are Clearly visible,
especially on the radial component. In Figure 4 the ground velocity is displayed
due to a single vertieal force at a depth of 100 km. All other parameters are
identical with those of Figure 3. The dominant phases are essentially the same in
Figure 4. The Rayleigh waves are less well developed than in Figure 3, as it is
expected for a souree at depth. Depth phases appear clearly on both com-
ponents.

Next the Figure 5 and 6 will be discussed. All parameters are kept identical
in both figures, except that the source in Figure 5 is a vertieal single force, and in
Figureö an explosive source. Source depth is 300 m, cut-off period is 1.6 s. The
phase-velocity window is from 11 to 2.75 km/s. FigureS cannot be compared
directly with recordings of nuclear explosions, beeause of differences in the
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source spectra. A nuelear explosion is radiating less energy at long periods,
whereas the source function (6), which is also used in Figure 5 and 6, is more
earthquake-like. The dominant phases are the same as in the previous figures.
Because of the higher resolution in Figures 5 and 6, the phases S and SS are
separated. As it is expected, the seismograms of the two figures, are very similar,
except that the seismograms of the single force contain more S energy.

The reflectivity method can easily be used for the computation of individual
phases alone. For example, if one is only interested in P waves, then one should
choose the proper integration window for that purpose. Figure 7 shows an
example for the P waves from a vertical single force at 100 km depth. The cut-off
period is 0.6 s, the limits of the integration are 6.4 and 10.5 km/s. The dominant
phases in Figure 7 are P and sP. In addition, a number of weaker phases can be
recognized on both components. These phases are all due to converted and
reflected waves at the crust-mantle boundary. For example, two weak phases,
labelled 1 and 2, can be recognized, especially on the horizontal component,
about 5 s after P and sP, respectively. These phases are probably S waves,
generated at the Moho by the two larger P phases in front. Another weak phase
inbetween P and sP, labelled 3, is probably an sP phase, which is reflected at the
Moho instead the free surface.

Conclusions

The present extension of the reflectivity method in connection with an earthflat-
tening approximation allows to compute the complete response of a vertically
inhomogeneous earth, as far as the earth-flattening approximation can be used.
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The location of the source is arbitrary. It is also a method which can easily be
adopted to special problems by choosing the proper wavenumber window. A
limitation of the method is probably its long computation time.
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Dual Magnetic Polarity Measured in a Single Bed
of Cretaoeous Pelagic Limestone From Sicily*

J .E.T. Channell
Institut für Geophysik, ETH Hönggerberg, CH-8093 Zürich, Switzerland

Abstract. A single bed of Cretaoeous pelagic limestone from Sicily which
varies in colour from red to white gives antiparallel magnetic directions
after partial demagnetization. “Reversed” polarities occur in the white por-
tion of the bed whereas almost exactly antiparallel directions of “normal”
polarity characterise the red. The remanence in the case of the white variety
is due to detrital magnetite, and that in the red is due to haematite. The
haematite grew through its critical volume after slumping but before teetonic
folding, and was probably derived from a goethitic precursor. The haematite
magnetization significantly post-dates the detrital magnetization and the age
relationship has important implications not only for magnetic stratigraphy
in red beds, but also for the study of diagenesis in iron bearing sediments.

Key words: Palaeomagnetism — Pelagic limestones —— Colour variations
— Diagenesis.

1. Introduction

The Scaglia-type pelagic limestones are a charaoteristic Cretaoeous facies in the
Periadriatic region. They were deposited in basins on the southern margin of
the Mesozoic Tethys. The Adriatic continental margin had a characteristic pre-
orogenic morphology of carbonate platforms and basins which were elongated
more or less parallel to the junction between the continental and oceanic crust
(D’Argenio, 1976). The Mesozoic platform and basin earbonates are relatively
free of detrital influence partly because the morphology inhibited sediment
transport, partly due to the extensive development of shallow water oarbonates
over potential source areas, and partly due to the arid climate on the southern
margin of the Mesozoic Tethys (Bernoulli and Jenkyns, 1974).

In western Sicily, at the Village of Terrasini (near Palermo airport), Scaglia
limestones of Late Cretaoeous age erop out (see Catalano et a1.‚ 1973). The
* Contribution No. 212 Institut für Geophysik, ETH Zürich

0340-062X/78/0044/0613/50200
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Fig. l. The Upper Cretaceous Scaglia limestones of Terrasini (SiciIYL Showing the relationship
between the red and white varieties. The uppermost white bed has an average thickness of about
50 cm

. _ 1."
j i211.

Fig. 2. The single bed which gives the dual polarity, dampened t0 accentuate the redjwhite colour
contrast
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Fig. 3. Stereographic plot of magnetic direc-
tions of six samples from the white part
(squares) and six from the red part (Circles)
of the same bed, after thermal demagnetiza-
tion at 200° C and 600° C respectively. The .
open symbols represent negative inclinations
and the cloSed symbols positive inclinations

limestones vary in colour from white to red and this colouration is generally
tied to bedding, although variations in oolour along a single bed oecasionally
occur (Fig. l). Palaeomagnetic samples have been oolleeted from one bed of
variable colour (Fig. 2). The samples taken from the red portion of the bed
yield “normal” polarity and those from the white give “reversed” polarity, the
directions being almost exactly antiparallel (Fig. 3) after thermal demagnetization
at 200° C for the white and 600° C for the red. Above these demagnetization temper-
atures, the magnetic intensities are generally too weak for precise measurement, re-
flecting the variable blocking temperature spectra of the two Seaglia varieties. As-
suming that a self—reversal process is not the cause‚ this dual polarity indieates
that one of the two magnetizations significantly post-dates the other. The mag-
netic properties of this Scaglia are very different to those of a similar Scaglia
facies in Umbria (Lowrie and Alvarez, 1975). The declination of the “normal”
direetions (N100°‚ Fig. 3) is a result of tectonic rotations during the Neogene
deformation of the Sicilian continental margin (Catalano et al., 1976).

2. White Scaglia

The magnetic properties characteristic of the white variety of Scaglia are summa-
rised in Figure 4. Blocking temperature spectra (Fig. 4a) were found by monitor-
ing the decay of an isothermal remanent magnetization (IRM) acquired in
a 10 KOe. field, using equipment developed by Heiniger and Heller (1976).
The instrument is not sensitive enough for the natural remanent magnetization
to be treated in this way. The maximum blocking temperature of over 600° C
indicates that at least part of the IRM is held by haematite.

The rate of aequisition of IRM in inereasing d.C. fields gives a measure
of the coercivity spectrum of the magnetic mineralogy. The spectrum associated
with the white Seaglia (Fig. 4b) is generally bimodal indicating a low coercivity
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component together with a variable contribution from a high coercivity com-
ponent. The low coercivity material is probably magnetite and the higher coerciv-
ities may be due t0 the haematite seen in the blocking temperature spectrum.
The samples generally d0 not attain saturation remanence even after introduction
into fields of over 50 KOe. Therefore, if the higher coercivity mineral is haema-
tite, it has unusually high coercivity. However, the anisotropy constants of
naturally occurring haematite are poorly known and internal stresses in fine
grained haematite may produce these coercivities.

An IRM from a 10 KOe field was given t0 various samples of white Scaglia
at liquid nitrogen temperature. The behaviour of the remanence was then moni-
tored during warming up t0 room temperature. The isothermal remanence decays
to about 5% of its original value (Fig. 4C). An IRM (lO KOe) was then given
t0 the same sample at room temperature and the magnetization of the sample
measured continuously down t0 liquid nitrogen temperature. Negligible change
in magnetization intensity occurred indicating that the decay represented by
Figure 4c is not due t0 a change in spontaneous magnetization (Js) with tempera-
ture but is due t0 low blocking temperatures of superparamagnetic grain sizes.
Either haematite or magnetite could be producing this superparamagnetic effect
although the large reduction in magnetization (1.4 >< l03G) on heating t0 room
temperature suggests that magnetite, with its much larger spontaneus magnetiza-
tion, is the superparamagnetic phase. As the spontaneous magnetization of
haematite is about 100 that ofmagnetite, a large concentration of haematite would
be necessary t0 give the same effect, and one might expect the Scaglia t0 be
red in this case.

The natural remanent magnetization (NRM) of the white Scaglia is weak
(N2 >< 10* 7(3) and the median destructive field on alternating field demagnetiza-
tion is about 150 Oe (Fig. 4d). This suggcsts that the natural remanence is
held by the low coercivity fraction seen in the IRM acquisition curves (Fig.
4b) rather than the higher coercivity material. The low coercivity mineral is
probably a magnetite.

3. Comparison With the Red Scaglia Variety

The magnetic properties of the red varicty of Scaglia are summariscd in Fig.
5. The maximum blocking temperature (Fig. 5a) indicates that haematite contrib-
utes t0 the IRM acquired in a lO KOc. field, and a slight flexure in thc curve
may correspond t0 a magnetitc blocking temperature.

The IRM acquired by the red Scaglia is much higher than [hat acquired
by the white variety in the same field. The red variety generally reachcs saturation
in fields ofthe order of 30 KOe (Fig. 5b) and has a unimodal coercivity spectrum
which may be due t0 the pigmentary haematite alone or a combination ol‘
haematitc and a very minor amount of magnetite. The absence of thc vcry
high coercivities which are scen in the white Scaglia, suggests that the hacmatitc
has largcr grain size in the rcd variety.

An IRM acquired at liquid nitrogen temperature dccays t0 40% ol‘ its original
valuc during heating t0 room temperature (Fig. 5€) indicating that, comparcd
t0 the whitc Scaglia, a smallcr l‘raction of thc IRM rcsidcs in supcrparamagnctic
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grain sizes. Again, cooling an IRM acquired at room temperature indicates
negligible dependence of spontaneous magnetization (Js) on temperature. The
fall in magnetization in the case of the white variety (Fig. 4c) is somewhat
greater than that for the red (Fig. 5€). Assuming that the magnetite is detrital,
one would expect a similar magnetite concentration and grain size distribution
in both red and white varieties, as they are adjacent samples from the same
bed. The white variety therefore probably contains more superparamagnetic
haematite, which may be the finer-grained part of the same grain-size distribution
which gives the high coercivities (Fig. 4b).

The natura] remanence of the red Scaglia was so stable against AF demagne-
tization that the median destruotive field could not be measured. During demag-
netization to 700 Oe, the intensity showed no significant change between 200 Oe
and 700 Oe (Fig. 5 d) suggesting that haematite is the principle remanence carrier.
The intensities generally increase during the early stages of alternating field
demagnetization (Fig. 5d) indicating that an antiparallel component is being
removed. The subtracted vector is very consistent during alternating field demag—
netization for both the red and the white Scaglia (Fig. 6a). This vector is

Fig. 6. a Subtracted vectors during alternating field demagnetization from 50 Oe to 100 Oe for
red (circles) and white (squares) samples. Other demagnetization intervals give similar directions.
Open symbols represent negative inclinations and closed symbols positive inclinations
b Directional changes of four white (open symbols) and two red (closed symbols) samples during
alternating field demagnetization. Open symbols represent negative inclinations and closed symbols
positive inclinations.

White samples Red samples Peak field
Negative Positive
inclinations inclinations

A A NRM
O o 50 Oe
v v 100 Oe
a I 150 0e

. 200400 Oe
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close t0 the directions obtained from the white variety after thermal demagnetiza-
tion at 200° C (Fig. 3). This, together with the directional changes during a.c.
demagnetization (Fig. 6b) which tend t0 follow paths from _reversed t0 normal
polarity, indicates that the primary (reversed) magnetite magnetization vector
is being removed in both white and red Scaglia varieties during a.c:. cleaning
leaving a magnetization vector with an increasing secondary component of
normal polarity due t0 haematite. In the case of the red variety, a.c. fields greater
than 200 Oe produce the same magnetic directions as thermal demagnetization
up t0 600° C (Fig. 3). This cleaned direction (Fig. 6b) is probably attributable
solely t0 pigmentary haematite.

4. The Origin of the Magnetic Minerals

The magnetic properties of these Scaglia limestones are related t0 their colour.
Haematite is the dominant natural remanence carrier in the red variety and
magnetite is dominant in the white. lt is impossible that both minerals could
be of detrital origin, not only because of their antiparallel magnetizations, but
also because of the physical nature of colour variations within a single bed.
The magnetite is probably detrital, and the reversed magnetization of the white
Scaglia may well represent the geomagnetic field at the time of deposition.
The haematite is secondary and has been derived during diagenesis from a
precursor. The colour variationa in this Scaglia are maintained around slump
folds (a spectacular example is shown in Fig. 7). Therefore, the colour variations
cannot be the result of later selective leaching, and the properties of the sediment

. _ .— -' ' - -. . ..--- . . u .u-u

Fig. 7. Larga slump fold Showing that the colour variations are maintained around the curvature
of the fnld. The hause and lamp-posts at the top of the cliff give the scale
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which control the colour variations are an inherent feature of the soft sediment.
The haematite in these Scaglias may have originated in a number'of different

ways.
(a) Oxidation of magnetite: this seems unlikely as the intensity of remanence

of the red Scaglia is about one order of magnitude greater than that of the
white variety. This would most probably not be the case if magnetite was
the precursor of the haematite.

(b) Haematite pigment in red sandstones often occurs as a result of the
diagenetie breakdown of iron silicates into iron oxide and clay minerals (Walker,
1967a, 1967b; Walker, Ribbe and Honea, 1967; Turner and Archer, 1975).
The oxidation of iron—bearing detrital clay can also produce pigmentary haema-
tide (Walker and Honea, 1969). In the case of the Seaglia, these alteration
processes may eontribute, but it is unlikely that enough iron-bearing detritus
has been introduced into these pelagic basins t0 account for the haematite
pigment.

(C) Haematite in sediments can be formed by the dehydration of goethite.
The Mesozoic basinal facies of the southern Tethys have been likened t0
reeent abyssal sediments on the ocean floor (Trümpy, 1960; Garrison and Fis-
cher, 1969). The environment of deposition was similar in that these sediments
were uninfluenced by sources of terregeneous detritus and the sedimentation
rate was very low. Goethite is a common constituent of modern pelagie sediments
deposited on the abyssal plain. Therefore, by analogy, goethitic oxy-hydroxides
may well have been deposited from sea-water in this Seaglia basin. In addition,
a very similar pelagic facies of Jurassic age in Western Sieily contains fossil
manganese nodules (Jenkyns, 1970). Goethite is an important eonstituent of
manganese nodules and therefore goethite was deposited in a Jurassie environ-
ment analogous and adjacent t0 this Scaglia basin. Variable organic eontent
in the Scaglia limestones may control either the deposition or the dehydration
product of the goethite, and hence the colour of the sediment. It is interesting
t0 note that the turbidites which occasionally occur interbedded with the Scaglia
are always white. The turbiditic material is derived from the margins of the
basin where sedimentation rates were probably too high for appreciable coneen-
tration of goethite. Although it seems likely that goethite was the precursor
of the haematite in'these limestones, n0 goethite apparently remains, as it
does not manifest itself in the blocking temperature speetra (Fig. 4a, 5a). How-
ever, we have some evidence that goethite, which has a Neel temperature at
around 110° C (Hedley, 1971), occurs in similar faeies Scaglia limestones from
the Southern Alps.

Chemical analysis of the red and white Scaglia collected from a varieoloured
bed at the same Sieilian locality indieates that the total iron content in the
red (0.68%) and in the white (0.65%) is the same within the experimental
uneertainty. The concentration of Fe3+ varies from 0.55% for the red to 0.40%
for the white. As the total iron contents are the same, the differences in colour
and magnetie properties are not the result of selective deposition. It is proposed
that whereas in the red Scaglia, the goethite reverted t0 haematite, in the white
variety only a small proportion of the goethite altered t0 haematite, the bulk
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(8) (b)
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(C)

Fig. 8a—d. Thermally cleaned sample directions from a slump fold a before and b after bedding
correction; and from a tectonic fold e before and d after bedding correction

reverting to a non-ferromagnetic mineral such as pyrite. Pyrite has been observed
optically only in the white Scaglia.

The dual polarity indicates that the time interval between fixing of detrital
magnetite grains and the growth of haematite through its critical volume was
at least the time taken for a polarity inversion. The timing of diagenetic haematite
growth can also be limited by the application of a fold test to both a tectonic
fold and a soft sediment slump (Fig. 8) which indicates that the remanence
was retained by the haematite before Miocene folding but after the Maestrictian/
Paleocene synsedimentary slumping.

Further palaeomagnetic studies of this nature will provide information on
the timing of this and other diagenetic processes in iron bearing sediments.
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Palaeomagnetic Data From the Central Part
of the Northern Calcareous Alps, Austria
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Abstract. Palaeomagnetic data from the Osterhorngruppe in the Northern
Calcareous Alps (NCA) southeast of Salzburg are presented. The investiga-
tions were concentrated on the red nodular Adneter Kalk (limestone) of
Liassic age which carries a stable natural remanent magnetisation. Rockmag-
netic investigations revealed magnetite as the carrier of the remanent magne-
tization.

The obtained palaeomagnetic results d0 not contradict a northward shift
of the NCA of the order of several hundred kilometres and indicate a
clockwise rotation of about 45° of the Northern Calcareous Alps with respect
t0 Eurasia, since the Jurassic. Time of possible shift and rotation are briefly
discussed.

Key words: Palaeomagnetism — Rockmagnetism — Adriatic plate — North-
ern Calcareous Alps — Jurassic — Adneter Kalk.

Introduction

In the last few years, a series of palaeomagnetic data has been published which
show an anticlockwise rotation of the Adriatic plate in the Tertiary. The data
are based on measurements in several places throughout the Apennine peninsula
and the Southern Alps and show rotation angles between 23° and 55° (Hargraves
and Fischer, 1959; Van Hilten, 1960; Manzoni, 1970; Soffel, 1972; Zijderveld
and Van der V00, 1973; Lowrie and Alvarez, 1974; Channell and Tarling,
1975; Channell and Horvath, 1976; Vandenberg and Wonders, 1976; Van der
V00 and Zijderveld, 1969).

The Austroalpine nappe system of the Eastern Alps is considered t0 have
been part of the Adriatic plate which split off from the Eurasian continent
due t0 the opening of the South Penninic ocean. The question arises whether
the Austroalpine region rotated with the main part of the Adriatic plate, or
whether there was differential movement between these areas during the Alpidic
orogeny.

O340—062X/78/OO44/O623/S03.00
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T0 date very few palaeomagnetic data have been published from the Aus-
troalpine region, and only from the Northern Calcareous Alps (NCA). Hargraves
and Fischer (1959) established a 20° clockwise rotation for the Lofer area west
of Salzburg.

By far the greatest part of the Mesozoic cover of the Austroalpine basement
is found in a large decollement nappe, the Northern Calcareous Alps (NCA),
which has been thrusted over the Rhenodanubian flysch by gravity gliding
in the late Eocene. For geometric reasons, the Northern Calcareous Alps, consid-
ered as a whole, cannot have suffered major rotation relative t0 their basement,
during the downgliding process. However, they are dissected into several smaller
nappes, slices and blocks (see Tollmann, 1976) which may have rotated individu-
ally through larger angles.

Our investigations were carried out in the Osterhorn mountain group which
is a Hat-lying stable block within the central part of the NCA. Our results,
obtained for Jurassic rocks, are in accordance with the Jurassic magnetic direc-
tion of Hargraves and Fischer (1959) and the Triassic directions of Soffel (pers.
comm.) from other areas of the NCA. Therefore the conclusion seems justified
that the data are representative for the NCA throughout their length.

The samples were drilled in the field and oriented in situ with an orientation
table and compass. 6 to 8 cores were collected at each site across an area
of less than 1 m2.

Geological Review of the Osterhorn Mountains

Tectonic Relations

The Osterhorn mountain group is situated in the central part of the Northern
Calcareous Alps (Salzkammergut) southeast of Salzburg (Fig. 1). This flat-lying,
only marginally distorted block belongs t0 the “Tirolicum” (Tyrolian nappe).

The borders of the Osterhorn block are tectonic ones (Fig. 1) (Plöchinger,
1953, 1973; Tollmann, 1976). T0 the northeast, it has been thrusted some dis-
tance onto the Schafberg unit which is also attributed t0 the Tyrolian nappe;
along the thrust fault, the Wolfgangsee fault, there are the windows of St.
Gilgen and Strobl containing members of the Rhenodanubian flysch and the
Ultrahelvetic nappes. T0 the north, the Tyrolian nappe has been thrusted over
a very thin nappe slice, the “ Bajuvaricum” (Bavarian nappes), which represents
the northern margin of the NCA and in turn has been thrusted over the Rhenoda-
nubian flysch. T0 the west, the Salzachtal fault separates the Osterhorn block
from the tectonically more complicated Berchtesgaden Alps. T0 the s0uth, a
complex normal and high angle slip fault separates the tectonically highly
contorted zone of the Lammer valley. To the east, the tectonically higher Gams-
feld nappe (“Juvavicum” Unit), borders against the Osterhorn block by a
normal fault.

The interior of the Osterhorn block is characterized by the horizontally
lying Upper Triassic t0 Upper Jurassic sequence (Fig. 2). Only the margins
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is in particular true alonghave been subjected t0 strenger deformation: this
the northeastern border where accompanying faults t0 the Wolfgangsee thrust
fault are responsible for teetonie eomplications, and along the southern margin.
The interiür of the block is only slightly folded; in the sampling areas of
the Faistenauer Schafberg (n0. 2 and 3) there are north-south trending folds
dying out towards the south; approaching the NW-SE striking Wolfgangsee
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Fig. 2. Geological profilcs through the Osterhorn mountains. For location of profiles. see Figure l

fault, these structures bend parallel t0 it (Plöchinger, 1973). At the western
and eastcrn margins of the Osterhorn block the rock sequences are downwarped.

SIraz‘igraphy

A synoptical description of the stratigraphic sequence of the Osterhorn moun-
tains is given by Plöchinger (1973, 1975) t0 whom the reader is referred.

Thc most prominent members of the Osterhorn mountains are the Upper
Triassic Hauptdolomit and the Upper Jurassic Oberalmer Schichten. Middle
Triassic carbonates are exposcd only in the tectonically disturbed Fuschlsce
area (Figs. l and 2).

The thick Upper Triassic Hauptdolomit sequence indicates a basemcnt
steadily subsiding at a rate of 150—200 m/m.y. Towards its t0p, it gives way
t0 the Plattenkalk and the Rhaetian Kössener Schichten with intercalations
cf reef buildings.

In the Liassic, the subsidence process continues but becomcs inhomogeneous;
the Upper Triassic platform decomposes, and becomes faulted and differentiated
in basins and swclls by tensional processes which are palaeogeographically char-
acteristic throughout the southern domain of the Eastern Alps in the Jurassic.

The Liassic sequence consists of grey and red lirncstoncs and marls. The
grcy facics changes vertically and laterally into the red which is characterized
by low scdimentation rates and subsolution (Jurgan, 1969). The Liassic of the
Osterhcrn müuntains does not exceed a few tens of metres. The grey facies
includcs partly siliceous marls (“ Fleckenmergel ”) and Skeletal and modular limc-
stones, which contain flints in placcs. The red facies is mainly representcd
by the nndular CCphalopod limestones (Adncter Kalk), also flint-bearing in
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places. In thc Saubachgraben (locality 3; Fig. l) turbidites occur in twc horizons
(Plöchinger, 1973, 1975) (Fig. 3). The relationships in the are of Lofer (black
spot in insct cf Fig. 1) are well comparable (Hargraves and Fischer, 1959)
with the NCA.

Dogger has recently been proved by fossils in the Saubachgraben (loc. 3)
by Plöchinger (1975) in the form of rcd nodular cephalcapod limcstone rich
in Mn-Fe-oxides (Klauskalk). This mcmber is only a few metrcs thick.

The Malm starts with red radiolarite (Ruhpoldinger Radiolarit) which
changcs into varicgatcd siliceous marls (“ Malmbasis-Schichten” cf Plöchingcr,
(1973)). This facies already reflects a decp-water cnvironment although n0 abso—
lute figurcs for thc water depth can be givcn. In the “Malmbasis-Schichtcn"
thcrc arc repctitions in thc sequcnce (Fig. 3) which arc cxplaincd by Plöchingcr
(1973, 1975) as synscdimentary gliding masses (olistolitcs) (cf. Vortisch, 1937).
In the southcrn Osterhorn mountain group, thc “Malmbasis-Schichtcn” grade
laterally into a clastic facies, the Tauglboden-Schichtcn. These consist Of coarsc
local brcccias transportcd by olistostromcs, fluxoturbiditcs, and turbidity cur—
rents from a southerly direction (Schlager and Schlager, 1973).

The “Malmbasis-Schichtcn" are tapped by the mighty Oberalmcr Schichten
(Kimmeridgian t0 Portlandian), flint-bcaring micritic limcstoncs which dominatc
in the southern Osterhorn group.

In thc Neocomian, thc sequcncc continucs with dccp-watcr marls (the
Schrambach Schichten) prcscrvcd in synclincs cf thc Osterhorn mountains.
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Fig. 4. Typieal outcrop of
red modular Adneter Kalk.
Königsbachtal (10c. N0. 6)

Selection of Rock Types for Palaeomagnetic Measurements

Due t0 its thickness, the Hauptdolomit cr0ps out over a large area in the
central, western and northwestern parts of the Osterhorn mountain group. Be-
cause the magnetisation is very weak (<5 x10"8 G) n0 reliable measurements
and interpretation can be made.

The 0ther prominent member of the Osterhorn mountains, the Oberalmer
Schichten, is also weakly magnetised, and outcrops are not easily accessible
(with the drilling equipment) as they form the upper parts of the mountain
group.

Thus, our investigations were concentrated in the Liassic beds, and there
predominantly in the red Adneter Kalk facies which, in general, does not exceed
a few metres in thickness. The Adneter Kalk has been preferred for the following
reasons: (a) it is the only member between the Triassic and the Ruhpoldinger
Radiolarit that is persistent throughout the Osterhorn mountain group; (b)
its NRM Shows stable components during progressive thermal demagnetization;
(c) it is possible t0 get good drill cores out of these limestones. Disadvantages
are errors with the measuring of the bedding plane due t0 its nodular develop-
ment (Fig. 4), poor and limited outcrops and landslips at several localities.

At localities 2, 3, and 4 (Fig. l), siliceous marls of the Lower Malm, Dogger
limestone (Klauskalk) and different members of the Liassic were also sampled.

The Lower Malm radiolarites possess satisfying rockmagnetic properties
but it was impossible t0 attain suitable specimens because of the hardness
of the rock, and its subsequent disintegration upon drilling.

Depositional Environment of the Red Nodular Limestones

The red nüdular limestones of Liassic (Adneter Kalk, Fig. 4; pale yellowish
variety: Enzesfelder Kalk) and Dogger (Klauskalk) age are rich in cephaIOpods
which are largely responsible für the nodular appearance of the rock. The
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Adneter Kalk is worked in quarries near Adnet (locality l) as decorative plate
“marble”. An abandoned quarry is situated near the top of Breitenberg (local-
ity 5).

The red limestones are characterized by low rates of sedimentation (in the
order of less than l m/m.y.), subsolution and rearrangement of particles and
fossil skeletons. In places, the limestone is developed as an intraclastic breccia.

Some of these properties would suggest that the red limestones are not
well suited for a palaeomagnetic investigation. However, the directions of stable
remanence are fairly consistent (Fig. 3). The tight Clustering of stable NRM
directions is possibly caused by the lOW sedimentation rate which allowed concen-
tration and tight orientation of the magnetic particles. If, however, the magnetite,
which is definitely the carrier of the characteristic remanent magnetisation
(ChRM), was formed by reduction of the primary haematite in a diagenetic
stage, good groupings of the directions of the ChRM could also be explained.

The depositional environment of the red limestones is considered t0 be
that of a swell facies rich in bottom currents in an oxygen-rich water; the
corresponding basin facies are the grey marls (“Fleckenmergel” or Allgäu
Schichten) which are poorly developed in the Osterhorn mountains.

The alternation of the prevailing red and the grey limestone facies, thin
marl beds and turbidite layers reflects the unsteady and changing conditions
during the Liassic between swells, slopes and local basins. The water depth
will have been that of a deeper littoral (50—100 m) for the condensed red lime-
stones according t0 Wendt (1970) Who based his results on the fauna, and
a few hundred metres at most for the small local basins.

The Middle Jurassic Klauskalk is extremely condensed (missing in parts‘?)
which is considered t0 be possibly due to bottom currents. The water depth
will have been increasingly deeper thus approaching the deep water environment
of the Oxfordian (Ruhpoldinger Radiolarit).

Palaeomagnetic Investigations

The palaeomagnetic investigations started in 1974 with the sampling of two
profiles in the Schafbachgraben (locality 2 in Fig. l, 20 sites) and Saubachgraben
(locality 3, l4 sites). The results are presented in Figure 3. The profiles covered
the Lias, Dogger and lower Malm, and detailed rockmagnetic studies were
carried out t0 find the carrier of the remanence. For this purpose, high tempera-
ture, low temperature and saturation magnetisation experiments were carried
out (Fig. 5). As shown in Figure 5a and b, the high temperature experiments
establish magnetite (Fe3O4) with a maximum blocking remperature of about
540—550° C as the carrier of the NRM.

However there is a remarkable difference in the behaviour of the samples
shown in Figure 5a (representing the Malmian) and Figure 5b (representing
the Liassic Adneter limestones). Whereas Figure 5a establishes only magnetite
with one blocking temperature at about 540° C, Figure 5b shows two blocking
temperatures at about 320° C and 540° C. Using the susceptibility curves as
an indication of chemical changes we can see that in the Malmian material
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Fig. 5a—d. Results of the rockmagnetic investigations. (a) and (b) show the high temperature behavi-
our (normalized intensity and volume susceptibility versus temperature) of typical members of
the investigated sequence; note in (a) that the characteristic change in susceptibility at 100° C
occurs in the majority of the samples. (c) saturation magnetisation and coercive force versus field
strength, and (d) low temperature-transition for Fe3O4 at — 143° C

in Figure 5a there seems t0 be ironhydroxide (FeOOH) as a second mineralisa-
tion. Limonite is prooved by microscope analysis but there is n0 evidence
if it is a mixture of 0c and y ironhydroxide in the sence of Millot (1970, p. 22)
or if it is pure a-FeOOH or y-FeOOH. In Figure 5b the susceptibility curve
shows clearly that n0 chemical change occurs in the red sediments at about
320o C which shows that there is n0 0ther mineralisation besides magnetite.
This means that both blocking temperatures are due t0 magnetite and that
the reduced blocking temperature at about 320° C is caused by yet unknown
changes in the chemical composition.

In Figure 5c: the saturation magnetisation behaviour is presented. It can
be seen that in the initial stage the material was saturated at 4kOe which
is a bit high but nevertheless typical for magnetite. Therefore, and for the
fact that the susceptibility curve (Fig. 5a) indicates some additional effect from
another mineralisation, the samples were heated up t0 200° C and the saturation
magnetisation behaviour was again tested. The dotted line clearly shows satura-
tion at 2 kOe. This effect is in good agreement with the suseeptibility curve
in Figure 5a which shows some chemical changes in this temperature range.

In Figure 5d a typical curve for low temperature experiments is presented.
The curve shows two remarkable anomalies, one at ——195° C and the 0ther
at around —148° C. The first is due t0 the fact that a large sample has t0
be used t0 get a strong Signal, and the temperature gradient between the surface
of the sample and the centered thermo couple causes a decrease of the magnetic
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Fig. Ga-c. Stability results. (a) Stability of the direction of NRM during thermal demagnetisation.
(b) Mean of the site mean values before and (c) mean of the site mean values after bedding correction

m0ment(Mauritsch and Turner, 1975). The second is is the true low temperature
magnetic transition for magnetite.

The tests carried out establish that the main carrier of the NRM is magnetite
and there is n0 clear evidence that any 0ther mineralisation is of importance.
Even in the red coloured limestones of the Adnet type there was n0 magnetic
effect caused by haematite. Haematite seems t0 occur in a superparamagnetic
stage at room temperature (Fig. 5d).

We cannot decide whether the remanence (NRM) has been formed by deposi-
tional or chemical processes. T0 test the stability of the direction of NRM,
a large number of pilot samples were heated stepwise (0—550° C). The direction
was measured after each step with a Spinner magnetometer (digico, Molyneux,
197l) and afterwards plotted on a stereogram (Fig. 6a). In this figure the pilots
S3 and S4 represent the Malmbasis Schichten. They are extremely unstable.
The sample S5 covers the Dogge-r, S7 (grey, nodular flint bearing limestone)
and S9 (Adneter Kalk) the lower Lias and it can be notieed, that the sample
SS remains stable up t0 300°C. Above this temperature and up t0 550° the
direction moves and n0 other stable direction has been found. Above 550°C
the intensity was too 10W ( <1 2 x 10’ 8 G) so that further demagnetisations became
impossible. The samples S7 and 89 are very Stable over the whole fange of
thermal cleaning, making it easier t0 decide which material should be used für
further werk.

Concluding the rockmagnetic investigations, one Observes that above 100° C
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of thermal cleaning, the suitable material (Liassic members) remains stable
up to 500° C. The Malmbasis Schichten were found to be extremly unstable
and were rejected.

Palaeomagnetic Results

At localities 2 and 3, the Jurassic sequence was sampled including various Liassic
members, Klauskalk (Dogger), and the Malmbasis Schichten (lower Malm).
Figure 3 shows the profile of the Saubachgraben which has been described
geologically in detail by Plöchinger (1973, 1975).

The upper half of the profile (Fig. 3) cuts an olistolite (Plöchinger, 1973,
1975) and it is remarkable that the directions of the ChRM are quite uniform
throughout the profile, independent of the rock type.

Major disturbance occurs in the Malmbasis-Schichten at the top of the
profile. This is probably the top part of the olistolite, and therefore the distur—
bance is considered to be due to perturbation during the gliding process. The
good correspondence of the data of the lower part of the profile and the olistolite
suggests that the gliding occurred without any rotation.

Members of the Dogger were sampled only in the Saubachgraben (loc. 3).
Malmbasis Schichten were sampled at localities 2, 3 and 4. At all localities,

except loc. 4 because of landslips, the red Adneter Kalk was sampled. In addition
at loc. 2 and 3 various Liassic members were also sampled, even turbiditic
layers (Fig. 3).

The local mean directions are shown in Figure l, Figure 7 and Table l show
the mean directions with the 0:95 cones of confidence for the Liassic members
only.

The magnetic intensity (NRM) for the Adneter Kalk varies between l x 10‘ 5

and 5 x 10’ 7 G.
The 0:95 cones of confidence for individual sites vary between 5° and 20°.

The relatively large angels are attributable to the inaccuracy of the measurement
of the nodulous bedding planes of certain members.

In the locality Breitenberg the results within a site are very consistent
(COFC< 10°) but the local mean direction is (more or less) unsuitable. The
reason is that sometimes even a statistical determination of the bedding parame-
ters does not give satisfying results as in these sediments. Furthermore, we

f
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Table l. Palaeomagnetic results from the northern calcareous alps (austria)

Palaeo Data (Bedding corrected)

Sampling area LOC. DEC INC N(Sites) k COFC. Sampled members

Lofer‘?l 47.9 50.6 30 cores 70.7 6.5 Radiolarites,
Lias

Adnet 1 63.7 56.1 6 26.8 13.1 Adneter Kalk
Schafbachgraben 2 56.4 48.9 6 15.3 17.6 Lias
Saubachgraben 3 71.1 42. 3 8 34.1 9. 6 Lias
Breitenberg 5 59.3 24.1 6 cores 255.73 4.2 Adneter Kalk
Königsbachtal 6 57.9 63.8 2 417.3 12.2 Adneter Kalk
Ausserlimbach 7 75.7 49.1 2 688.6 9.5 Adneter Kalk
Moosbergalm 8 55.2 30.0 2 228.0 16.6 Adneter Kalk

Mean values 62.5 45.1 29.1 11.3
Osterhorn Gruppe
(7 locations)

Palaeopoloposition for Lofer and Osterhorngruppe

Sampling area position Palaeopoleposition

Lofera 47,37°N; 12,34°E LAT.: 53°N; LONG.=:112°E
Osterhorngruppe: 47,7°N; 13,3°E LAT.: 37,5°N; LONG.=103‚4°E

a After Hargraves and Fischer (1959)

get the same effect but with lower perturbation for the mean result of the
whole area investigated. Figure 6b and c show the mean direction for the Oster-
horn mountain group before and after the bedding correction.

Summarizing these details we have found in the area investigated a stable
Jurassic magnetisation direction, which is suitable for attempting a geotectonic
reconstruction of this part of the NCA.

Conclusions

Our results from Jurassic rocks of the Osterhorn mountain group, which is
a stable block within the Northern Calcareous Alps (NCA), are in accordance
with those obtained by Hargraves and Fischer (1959) for Jurassic, and Soffel
(pers. comm) for Triassic rocks in other areas of the NCA. Therefore, the
results are considered t0 be representative for the NCA throughout their length.
T0 attain coincidence of the computed palaeopole for the Osterhorn mountains
with the palaeopoles obtained by Van der Voo and French (1974) for the
Jurassic of the European and African continents, it is necessary t0 rotate and
laterally shift the NCA.

Figure 8 ShOWS the Jurassic poles for stable Europe and Africa in their
present position, as well as the computed palaeopole (with its cone of confidence)
for the Jurassic rocks of the Osterhorn mountains, within the present geographi-
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Fig. 8. Positions of lower (Jl) Jurassic magnetic poles for Africa and Europe after Van der V00
and French (1974) within the present geographical grid. Abandoned Jurassic pole for Europe
after Opdyke (1960), as well as poles for the Lofer area after Hargraves and Fischer (1959) and
for the Osterhorn mountains are shown. NCA: present position of the Northern Calcareous Alps.
(Polar error: dm: 13,9; dp=9,04)

cal grid. A major clockwise rotation is evident. The magnetic palaeopoles for
Africa and Europe on the one hand and for the Osterhorn mountains on the
other d0 not lie on a small circle centered at the present position of the Osterhorn
mountains. Therefore the Osterhorn mountains seem t0 have not only rotated
but also moved laterally since the Jurassic. The lateral shift is necessary t0
attain coincidence in the inelination of the palaeomagnetic vectors.

Coincidence in the inclination for the Jurassic rocks of the Osterhorn moun-
tains on the one hand and of stable Europe and Africa on the other is realized
along a small Circle (palaeolatitude) around the Jurassic magnetic pole. Figure 9
ShOWS the position of Europe relative t0 Africa in the middle Jurassic after
Channel and Horvath (1976), based on the results of Van der V00 and French
(1974). Palaeolatitudes are shown for the Liassic rocks of localities 1, 2, 3,
and 7, and for the lower Malmian rocks of loc. 4. The average of these values
is the 30° magnetic palaeolatitude (corresponding t0 49,5° inclination) which
is shown as a broken line. The palaeolatitudes for localities 5, 6, and 8 are
situated too far t0 the north and south and are therefore impossible palaeoposi—
tions for the NCA. The reason for this lies in difficulties with the measurements
of the bedding plane at these localities. This does not significantly influence
the declination and therefore all values were taken into account in Figure 8.

The mean palaeolatitude (Fig. 9) is computed omitting localities 5, 6, and
8 and is in very good accord with the mean inclination obtained by Hargraves
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Fig. 9. Reconstruction of the *
palaeolatitudes for the different sampling \\ ‚’e

\\ _\ ‚39;
areas in the Osterhorn mountain group ‘x {\0—@_Ü’:;;‘
with the mean latitude of about 30°N \
which represents also the mean latitude for \ /
Lofer area after Hargraves and Fischer /
(1959). Black triangle indicates the present v 20°
position of NCA. A.P.' Adriatic plate in A4) A P \
the position of Channell and Horvath o
(1976) 7

and Fischer (1959) for the Lofer area. The palaeolatitude for this area also
is on the broken line, Figure 9.

Theoretically, the NCA could have been placed at any point along the
palaeolatitudes whose mean value runs through the wedge of the western Tethys
formed by the Eurasian and African continents in the Jurassic.

The authors consider the NCA as a part of the Adriatic “ plate” or “ promon-
tory” in the Jurassic comprising the autochthonous Apennines, the Southern
Alps, and the Austroalpine domain. The Adriatic region has been separated
from the Eurasian continent by the opening of the South Penninic ocean (Frisch,
1977). Tensional faulting of the NCA in the early Jurassic reflects this event.
The Adriatic plate may have been separated from the African plate by a trans-
form fault or a small ocean whose period of activity is unknown. Channel
and Horvath (1976) considered the Adriatic region as a promontory of northern
Africa. Our results are consistent with this interpretation although a slightly
different position of the Adriatic region is preferred by Frisch (1977). Evidence
for the timing of the separation of the Adriatic region from the African plate
is poor; Biju-Duval et a1. (1977) put this event near the beginning of the Jurassic
implying that the Adriatic plate existed from this time on as a separate plate.
Channel and Horvath (1976) let the Adriatic region remain as an African pro-
montory up t0 the late Tertiary. Frisch (1977) presents evidence for the separa-
tion of the Adriatic plate from Africa in the Cretaceous.

The palaeoposition of the NCA (Fig. 9) implies lateral shift of the order
of several hundred kilometres with respect t0 Eurasia. The magnetic vectors
show clockwise rotation of about 45° relative t0 the Eurasian plate, and of
about 90—100° relative to the African plate (Fig. 8). Progressively easterly palaeo-
positions of the NCA would enlarge the rotation angle.

If the Adriatic plate formed a coherent unit from the Jurassic on up to
the present, the measured magnetisation directions of the autochthonous Apen-
nine, the Southern Alps and the Northern Alps should correlate. This is definitely
not the case. The Apennines and the Southern Alps show anticlockwise rotation
of 23° t0 55° (depending on the paper and the age of the rocks) relative t0
Europe. This anticlockwise rotation is in course agreement with the movement
of Africa since the Jurassic (Channel and Horvath, 1976). The significant devia-
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tion in the magnetic orientation of the Austroalpine realm (NCA) from the
major part of the Adriatic plate implies decomposition of the plate at some
time. Several theoretical possibilities are discussed:

(a) The separation of the NCA from the major part of the Adriatic region
occurred earlier than the separation of the Adriatic plate from Africa. This
is not supported geologically.

(b) The separation occurred after a common clockwise rotation of the
Adriatic plate; while or after overthrusting welded the Austroalpine domain
onto the Eurasian continent, (a process which has been finished by the late
Eocene), the southern and major part of the Adriatic plate split off and rotated
anticlockwise through an angle enlarged for the amount of the preceding clock-
wise rotation.

(c) The Adriatic plate remained as a unit without significant anticlockwise
rotation up to the Upper Cretaceous. The breakoff of the NCA occurred at
some time when the Austroalpine realm first came in contact with microconti-
nents to the north (Middle Penninic zone; Frisch, 1977). The clockwise rotation
commenced at this moment and continued during the consequent overthrusting.

(d) The separation of the NCA from the Adriatic plate occurred at some
time during the north- or northwestward drift of the Adriatic plate, prior to
the collision to the north.

From our results, we are not able to decide whether the rotation of the
NCA occurred at the beginning, during, or at the end of the drift. The decision
as to which possibility preference should be given, is therefore delayed until
more palaeomagnetic data, in particular for variously aged sequences from
both sides of the Periadriatic lineament, are available. Drift and rotation of
the NCA, however, can be limited to the period between the middle Jurassic
and the collision and overthrust of the Austroalpine realm to the north. Frisch
(1977) presents a plate tectonics reconstruction which makes decomposition
of the Adriatic plate during the Upper Cretaceous most probable; according
to this model, preference should be given to possibility (c).
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Zur Korrelation zwischen
der Vertikalintensität des erdmagnetischen Feldes
und dem Schwerefeld im ostalpinen Raum

W. Seiberl, A. Franke, R. Gutdeutsch und P. Steinhauser
Institut für Meteorologie und Geophysik, Universität Wien,
Währingerstraße 17, A-1090 Wien, Österreich

Correlation Between Magnetic and Gravimetric Data in the East Alpine Area

Abstract. There is some evidence of a correlation between the Bouguerano-
maly ö g and the residuals öZ of the earth’s magnetic field in the East Alpine
area. If this correlation exists, it should be created by similar structures in
the crust of the earth. T0 prove this, the gravimetric and magnetic data of
parts of Central EurOpe were interpolated on a square grid with a grid
spacing of A s: 10 km. In a next stage the gradients

Öög Öög Öög
Öx ’ Öy ’ öz

were estimated with the aid of approximation formulas. A correlation of öZ
with the gradients of 5g exists only in the eastern parts of Austria.

Two-dimensional model calculations along a profile from St. Valentin
(near Linz) toward Klagenfurt shows that the öZ anomaly is caused by the
upper boundary of a weakly magnetized crystalline basement. The latter has
also a positive density contrast as compared to the above-lying rock for-
mations. In contrast to the magnetic anomaly the Bouguer anomaly is
additionally caused by rocks the Curie point isothermal layer.

Key words: Correlation between magnetic and gravimetric data —— East
Alpine area.

Einleitung

Eine Korrelation zwischen der magnetischen Anomalie ÖZ und den Ableitungen
der Schwereanomalie eines Störkörpers ist aufgrund potentionaltheoretischer
Zusammenhänge zu erwarten, wenn sich ein Störkörper sowohl in seiner homo-
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Abb. l. Übersichtskarte des ostalpinen Raumes mit den wichtigsten geographischen Bezeichnungen

genen Magnetisierung als auch in seiner Dichte hinreichend von seiner Umge-
bung unterscheidet. Die simultane Untersuchung beider Meßgrößen und ihrer
Korrelation kann daher insofern Zusatzinformationen über die stoffliche Zu—
sammensetzung des Störkörpers liefern, als es auch nur wenige Gesteine gibt, bei
denen Dichte und Magnetisierung gleichzeitig vom Durchschnitt abweichen.
Hierzu gehören in erster Linie basische und ultrabasische Gesteine bei Tempera-
turen unterhalb des Curie-Punktes. Untersuchungen dieser Art wurden von
EötVös (1909) sowie später u.a. von Haalck (1929), Heiland (1946), Baranov
(1957) und Linsser und Merritt (1970) durchgeführt und zeigten, daß die
theoretisch gegebenen Beziehungen in der Praxis nicht immer klar erkennbar
sein müssen, was zum Teil auf die oben erwähnten mineralogischen Vorausset-
zungen zurückzuführen ist. Überdies ist die Variationsbreite für Dichte und
Magnetisierung von Gesteinen sehr unterschiedlich; die Dichteunterschiede
erreichen im Extremfall nicht einmal den Betrag einer Größenordnung, während
die Gesteinsmagnetisierung um etwa sieben Größenordnungen schwanken kann.

Die Vermutung, daß in Österreich eine Korrelation zwischen den gravimetri-
schen und geomagnetischen Feldgrößen besteht, legt ein Vergleich der Karten
der geomagnetischen Landesaufnahme (Pühringer et al., 1975) und der Bouguer-
Schwerekarte nahe. Von den bisher publizierten Bouguerkarten (u.a. Senftl,
1965; Makris, 1971) ist hier die Karte von Senftl (1965) verwendet worden. Die
Bougueranomalie erreicht im Tauernfenster (Abb. 1) ihr Minimum von rund
160 mgal. Nördlich hiervon steigt ö g langsam an, um bei Berchtesgaden (Abb. 1)

> ein schwaches Maximum zu durchlaufen. Das Bouguer-Minimum in den Hohen
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Tauern (Abb. 1) korreliert recht gut mit einer kräftigen negativen Anomalie des
Restfeldes ÖZ. Daher wurde als erster Test die Korrelation der öZ— und ög-
Werte für ganz Österreich berechnet. Hierzu werden für die 227 Punkte der
magnetischen Landesaufnahme, die praktisch gleichmäßig über das ganze Bun-
desgebiet verteilt sind, die Beträge der Bougueranomalie durch Interpolation aus
der Schwerekarte bestimmt. Der so berechnete Korrelationskoeffizient beträgt r
20,34 und ist nach dem t-Verteilungstest statistisch signifikant (Sachs, 1968).
Regional gesehen ergeben sich systematische Unterschiede im Grad der Korre-
lation. Die beste Übereinstimmung ergibt sich in der Molasse des westlichen
Donautales, den Niederen Tauern, Gurktaler- und Seetaler Alpen sowie Teilen
der Hohen Tauern (Abb.1), also auf einer Fläche, die etwa der Hälfte des
gesamten Untersuchungsgebietes entspricht. Bei Beschränkung auf dieses Gebiet
steigt der Korrelationskoeffizient auf r=0‚66 bei 138 Datenangaben und ist
gemäß t-Test ebenfalls statistisch signifikant (Sachs, 1968). Eine wesentlich
bessere Korrelation zwischen der Bougueranomalie und dem Vertikalintensitäts-
Restfeld ist nicht zu erwarten, da ja die Korrelation nach der Theorie erst mit
den Ableitungen der Schwerkraft gegeben sein soll, was daher näher untersucht
werden soll.

Grundlagen der Bearbeitungsmethode

Die Anomalie des Magnet- und Schwerefeldes möge durch N Körper mit den
Dichten pi und den homogenen Volumenmagnetisierungen m, =(mxi, myi, m2,) (i
=1, 2, 3 N) hervorgerufen sein. Dann leitet man für die Vertikalintensität des
erdmagnetischen Feldes ab:

35 . öö . Öö -mxi g, +Tn g, E Ä +öZO(x, y, Z), (1)pi ÖX pi Öy pi ÖZ

N
1N.Z 5 .:a_öZ .2 Z’ f.;(21

(f = Gravitationskonstante)
wobei öZl. und Ögi die durch den i-ten Körper erzeugte Vertikalkomponente des
magnetischen bzw. Schwerefeldes sind und ÖZO einen Feldanteil bedeutet, der
nicht von m, hervorgerufen wird. Da im allgemeinen nur önögi durch
Messungen bestimmt wird, müssen die partiellen Ableitungen der Schwerebe-
schleunigung näherungsweise aus ö g abgeleitet werden. Überwiegt unter N
Körpern die Wirkung eines einzigen Körpers der Dichte p und der homogenen
Magnetisierung (mx, my, mz) dann kann man Gl. (1) vereinfacht schreiben

1
öZ

<
85g Öög Öög

zf—p mx—ä—x—+m
—+m —>+ÖZO(x,y‚z) (2)y Öy Z Öz

oder mit Abkürzungen

Öög Öög öögöZ:B——— ——— D—*— z .Öx+CÖy+ Öz+öOuJfl) o)
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Es ist möglich, den Ansatz (3) zu prüfen, wenn man ÖZO(x, y, Z) als Rest des
Regionalfeldes interpretiert und mit A :const. ansetzt. Unter diesen Vorausset-
zungen sind die Koeffizienten A, B, C und D durch Minimalisierung der
Fehlerquadrate, integriert über die Fläche F,

Ögbc, y) _ C ögbc, y) _ D ögbc,
y>> m (4)2c7

—5Fj
(ÖZ(x,y) A B

Öx Öy Öz

bestimmbar. Dieses Doppelintegral kann näherungsweise durch eine Doppel—
summe ersetzt werden, weil öZ, sowie die Gradienten von g auf Gitterpunkten
diskret vorgegeben sind. Im konkreten Fall wurde ein 5 >< 5-Raster mit einem
Punktabstand von 10km gewählt. afifin kann dann als Maß für die Güte der
Näherung und damit auch für die Wahrscheinlichkeit der Vermutung gelten,
daß die magnetische und gravimetrische Anomalie auf den gleichen Störungs—
körper zurückzuführen sind. Weiterhin wird eine über das gesamte Untersu-
chungsgebiet homogene Magnetisierung angenommen. Diese Annahme ist ge—
rechtfertigt, wenn man nur induzierte Magnetisierung (derzeitige Feldrichtung)
zuläßt. Die Richtung des geomagnetischen Feldes ändert sich im untersuchten
Gebiet um kaum mehr als 2° bis 3° sowohl der geographischen Breite als auch
der Länge nach. Diese Größen sind bei der Betrachtung des Restfeldes durchaus
zu vernachlässigen.

Aufbereitung der Daten

Zunächst werden die Residuen öZ mit Hilfe der Ergebnisse der geomagneti-
schen Landesvermessungen von Bayern, Österreich und der südlichen Tsche-
choslowakei auf einem quadratischen Raster von 10 km Seitenlänge durch
lineare Interpolation bestimmt (Pühringer et al., 1975; Wienert 1965; Burmei-
ster, 1960; Bouska et al., 1959). Das Auflösungsvermögen des Verfahrens wird
durch den mittleren Punktabstand von ca. 15km bestimmt. Man muß daher
Gebiete bzw. Anomalien ausschließen, die bei diesem Punktabstand nicht mehr
aufgelöst werden (Nyquist-Wellenzahl 1/30 km). Dieses ist in einigen interessan-
ten Gebieten wie z.B. dem südlichen Burgenland (Szenas, 1967) und in den
Hohen Tauern (Angenheister et al., 1972) der Fall. Diese Gebiete müssen
deswegen gesondert untersucht werden.

In der gleichen Weise wurden die Bouguerkarten bearbeitet. Die so bestimm-
ten, auf ein quadratisches Raster bezogenen ög-Werte wurden sodann überlap-
pend in Flächenstücke zu je 7 x 7 Punkten bzw. 60 >< 60 km2 aufgeteilt. Für jedes

. .. .. . . . Öö
dieser Flachenstucke erfolgte eine Berechnung des Vertikalgradlenten 37g nach

Z

dem von Jung (1961) beschriebenen Auszähldiagramm. Jung weist darauf hin,
daß die Verwendung dieses Verfahrens nur zu Näherungen führt und für
Punktmassen in der Tiefe s bzw. 2s (SzRasterabstand, hier 10 km) 70% bzw.
90% des Extremwertes ergibt. Eine genaue Analyse zeigt weitere Fehler für
große Tiefen des Störkörpers. Abbildung 2 stellt die exakten Ergebnisse für eine
Punktmasse in der Tiefe z den Näherungen gegenüber. Für 2:45 wird zwar die
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Abb. 2. Vergleich zwischen den theoretischen
äö

Werten von Ö—güber einem kugelformigenz
Störkörper in verschiedenen Tiefen z
(ausgezogene Linie) und den nach Jung (1961)

öö
bestimmten Fg-Werten (Punkte)

z

Form der Kurve recht genau wiedergegeben, doch erscheint sie parallel zu
positiven Werten hin verschoben. Dieser Fehler muß als eine Folge der Ver-
nachlässigung des außerhalb des Flächenstückes liegenden Integrationsgebietes

Öö .angesehen werden. Die in Abbildung 3a wiedergegebenen Ö—g-Werte zeigen
z

einen deutlichen Trend, der generell von NE nach. SW abnimmt. Daraus wäre
unter Umständen zu schließen, daß der Einfluß von Massen mit Tiefen über
40 km unter dem Alpenkörper stärker ist als außerhalb davon, was aus Über-
legungen über den Aufbau der Erdkruste verständlich erscheint. In diesem
Falle wäre der Trend als verfahrensbedingter Fehler anzusehen. Aus diesem

Öö
g-Werten subtrahiert. Das sich

Öö g . . . . Z Öö g . .ergebende Feld ——— Ist in Abbildung 3b w1edergegeben. — korreliert deuthch
ÖZ Öz

mit ÖZ (Abb. 6). Im Falle'der Tauernanomalie erscheint jedoch das 93g—
z

Grund wurde der lineare Trend von den

Minimum gegen das ÖZ-Minimum nach Norden verschoben, vermutlich als
Folge einer gewissen Asymmetrie des öZ—Feldes.

. . Öö Öö ‚Die Bestimmung von _g und —g an einem Punkt x : iA s, y:jA s aus dem
Öx Öy

Schwerewert 5g“. erfolgte mit Hilfe folgender Näherungsformeln:
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3

a—x—061'5i „12 (ög(xi+19yj— 2+v)— ög(xi—19yj— 2+v))/65 (5)

öög(
3

öy
(xi’yiwßz((Mgxi-2+v5yj+1)—ög(xi—2+usyj— 1))/65 (6)

Die Ergebnisse sind in den Abbildungen 4 und 5 zu finden.
Stellt man die Abbildungen 3a, 4 und 5 der öZ-Karte (Abb. 6), die das

Ergebnis einer Glättung der öZ,-Werte auf einem 3x3 Gitterpunktnetz ist,
gegenüber, so erkennt man, daß die Streichrichtung der Alpen in allen Karten

. öö . . .— bis auf die für ö—g — dominant ist. Jedoch kann man schon Vlsuell erkennen,
y

daß die Ableitungen der Schwere nur in wenigen engbegrenzten Gebieten mit öZ
korrelieren. So ist z.B. die Korrelation im Bereich der Anomalie, die in den
Nördlichen Kalkalpen im Raum von Berchtesgaden liegt („Berchtesgadner
Anomalie“ (Gänger, 1954; Bleil und Pohl, 1976)), schlecht, hingegen weiter
östlich im Raum um Steyr besser. Die Verteilung der Standardabweichung o,
angewendet auf kleinere Teilflächen mit einer Ausdehnung von 40 km >< 40 km
gibt diesen Sachverhalt noch genauer wieder (Abb. 7). Diese Darstellung der
„Fehlergebirge“ zeigt in den Zentralalpen große Werte, im Raum des Alpenvor-
landes kleinere. Besonders sei auf die geringen Fehler im Gebiet des Semmerings
und Wechsels, im Östlichen Böhmischen Massiv und im Raum um Steyr (Abb, 1)
hingewiesen.

°E
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Da das multiple Bestimmtheitsmaß (rz) (vgl. (Sachs, 1968)) ein noch allgemei-
neres Kriterium für die Korrelation zwischen öZ und den Ableitungen der
Schwere bildet, wurde auch diese Größe bestimmt und wie die oben erwähnte
Standardabweichung 0' aufgetragen.

Das Ergebnis findet sich in Abbildung 8. Die vergleichsweise hohen Werte
— . . . öö

für r2 dürfen nicht erstaunen, denn man muß Ja in Betracht ziehen, dal3 7g
ex

öö öö . .
g, Ö_g nicht unabhängig voneinander gemessen, sondern aus ög berechnet

öy z
wurden. Das Resultat zeigt große Ähnlichkeit mit der n-Verteilung in Abbil-
dung 7.
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Als einen ersten Versuch, einen gemeinsamen Störkörper für die beobachte-
ten Schwere- und Magnetikwerte zu finden, wurde ein zweidimensionales Mo-
dell längs eines Profiles (Abb. 1), das von St. Valentin in Richtung Klagenfurt
verläuft, gerechnet. Dabei wurde von einer möglichst einfachen Modellannahme
ausgegangen. Die Tiefe zur Curiepunkt-Isotherme, unter der keine Magnetisie-
‘rung mehr möglich ist, wurde mit einheitlich 20 km festgesetzt. Dieser Annahme
liegt ein Temperaturgradient von 1°C/33m zugrunde. In Abbildung 9 sind
sowohl die beobachteten als auch die berechneten Profilwerte, nebst dem
zugehörigen Modell, zusammengefaßt. Die Magnetisierung des Störkörpers
kann aus plausiblen Gründen nicht hoch sein; sie wurde mit m: 145 y angenom-
men. Die angenommenen Dichtewerte sind im Modell eingetragen und entspre-
chen den üblichen — etwas schematisierten Vorstellungen — über den Aufbau
der Ostalpen. Demnach wird die magnetische Anomalie durch die obere Be—
grenzung eines schwach magnetischen Grundgebirges, das zusätzlich einen
Dichtekontrast gegen die Überlagerung zeigt, verursacht. Die Tiefe bis zu dieser
Grenzfläche beträgt im Norden des Profiles ca. 2km. Sie erreicht unter den
Alpen ihren größten Wert mit 9km. Im Süden verläuft die Oberkante des
Grundgebirges in einer Tiefe von etwa 7 km. Die Schwereanomalie wird zusätz-
lich noch durch Massen unterhalb der Curiepunkt-Isotherme verursacht, wobei
die Moho-Diskontinuität eine Tiefenlage zwischen 29 km und 38 km aufweist.

Aus dieser Untersuchung ist zu folgern, daß entgegen dem visuellen Ein-
druck, den die gravimetrischen und magnetischen Anomalien in Österreich
vermitteln, eine ursächliche Korrelation nur in Teilen besteht.

Danksagung. Diese Arbeit stellt einen Beitrag dar, der aus Mitteln des National Komitees „Geody-
namisches Projekt“ der Österreichischen Akademie der Wisenschaften finanziert wurde. Hierfür sei
der Osterreichischen Akademie der Wissenschaften herzlich gedankt.
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Some Aspects of Athabasca Oil Sand Behavior,
Alberta, Canada

M.L. Jeremic

Associate Professor of Mining, Department of Mineral Engineering,
The University of Alberta, Edmonton, Canada T66 2El

Abstract. The basic behavior of Athabasca oil sand under uniaxial loading
may be expressed as a property of both elastic and Viscous bodies, where
the predominance of eaeh eomponent depends on its eomposition.

Cyclic loading deformations showed that the shear strength of oil sand
is almost half those of a static load, probably because of dissipation of
energy and increase in temperature. However, a cyclic load with a previously
applied static load, destroys the shear strength of oil sand, probably due
to its structural Viscosity.

Oil sand under hydrostatic pressure has a viscous deformation. The rate
of deformation is a function of the bitumen viscosity. The bitumen Viscosity
greatly depends on the temperature, and so does the rate of deformation.

The represented investigations on disturbed (remoulded) samples without
a gaseous phase, are intended to show the unique property of oil sand.
However, a definite evaluation of the behavior of oil sand can be done
only on intact of undisturbed deposits in the field.

Key words: Oil sand — Composition — Properties — Behavior — Structural
deformation.

Introduction

The Lower Cretaeeous sands, silts, and shales of the McMurray Formation
lie unconformably on Devonian limestone and are overlain disconformably
by marine shales of the Lower Cretaceous Clearwater Formation. Some time
after the deposition of the McMurray Formation the bitumen probably migrated
into waterwet sands (Hardy and Hemstock, 1963). The thickness of the oil
sand formation varies between 6 and 60 m. It is covered by overlying strata
up to 1300m thick, some of which were later eroded. The present ground
surface is the result of Pleistocene glaciation and recent erosion. The oil sand
formation gently dips from its exposure at the Athabasca River to the east

0340-062X/78/0044/0651/50220
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and west, where it is covered by up t0 1300 m of overburden. The Athabasca
oil sand deposit is the largest one (Fig. l) in the province of Alberta.

Current estimates are that all oil sands deposits in Alberta contain about
700 billion bbl of crude oil (McConVille, 1975). This is roughly equivalent
t0 ten times that of the combined U.S.A. and Canadian total oil reserves.
It is obvious that oil sand deposits are one of the more important sources
of energy. At present the only developed method for oil sand exploitation
is open-pit mining. By this method 10 percent of the total bitumen reserves
can be obtained (pit limit 60 m of overburden). H0wever, at present very inten-
sive research work is in progress for “in situ” bitumen recovery. This method
may perhaps be applied where the thiekness of overlying strata exceeds
200—300 m. For this part of the oil sand deposits it is necessary t0 find some
subsurface exploitation system or systems which might be applicable, for large
scale production.

The oil sand has an unique composition as a four-phase system: solid-sand,
viscous-bitumen, gaseous, liquid-water. This medium represents an enigma t0
develop some efficient mining system for subsurface production either of oil
sand or just bitumen (Jeremic, 1975). It is obvious that the behavior of oil
sand at depth is different from that at the surface or near the surface. The
intention of this work is t0 point out those differences, and for this reason
laboratory investigations of oil sand properties have been earried out. For
uniaxial loading an Instron testing system (TT-D) has been used, and for triaxial
loading, a triaxial cell (Soiltest) loaded by Instron an improvised apparatus
for lateral pressure. All tests have been conducted in the laboratories of the
Department of Mineral Engineering, the University of Alberta, Edmonton. The
oil sand property delineated in this representation should be considered as
preliminary because the testing has been done on disturbed (remoulded) samples
without a gaseous phase. A definite evaluation of the behavior of an oil sand
deposit can be done only by testing within an underground opening.
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Deformations as a Function of the Speed of Loading

Investigations of oil sand samples under unconfined pressure (Instron) at various
constant crosshead speeds, and at various mixture composition showed their
basic properties. Tests have been carried out on cylindrical samples (diameter—
43.7 mm) of remoulded oil sand. They have been compacted in layers t0 obtain
densities in the range of 2 g/em3.

The behavior of oil sand as a function of the high speed load mechanism
is illustrated in Figure 2. The strain—rate sensitivity of the stress, at constant
crosshead speed of 12.7 mm per minute shows the following deformation charac-
teristics:

1. The loading deformation curve is instantaneous, and very steep.
2. when the cross head displacement was stopped, the sample relaxed and

the relaxation was rapid.
3. After the load was removed, the curve dropped instantly t0 zero (like

a spring release).

The behaVior of oil sand as a function of the 10W speed load mechanism
is illustrated in Figure 3. The strain-rate sensitivity of the stress, at constant
crosshead speed of 0.127 mm per minute shows the following deformation char-
acteristics :

1. The loading deformation curve is linear with a low slope.
2. When the crosshead displacement was stopped, the deformation continued

and stress decreased.
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3. After the load was removed the deformation curve declined t0 a certain
point and became constant (similar t0 dashpot deformation).

Both tests ShOW that oil sand may have the properties of two individual elements:
elastic (spring) and Viscous (dashpot). These two elements in its composition
may control the basic deformation behavior of oil sand.

Deformations as a Function of Oil Sand Composition

Oil sand composition is one fundamental phenomenon which influences its
behavior (Jeremic, 1975). For example, it has been established that oil sand
increases strength and decreases the percent of strain t0 failure with increase
in the content of the solid phase. The laboratory test (uniaxial load at room
temperature) shows that the plotted curves of strain versus time are separate
for two compositions of bitumen—solid phase mixtures (Fig. 4).

It could be assumed that external stress and sample contraction will be
carried in different ways as a function of the magnitude of the elastic and
of the Viscous components of the system (Van Der P0el, 1960).

If it is assumed that with a stress increase the spring is fully contracted
and takes the whole load, the shear strenth of the system will depend on the
magnitude of the elastic component. Thus the elastic component will break
when the strength of the material is exceeded. From all the test data it is
obvious that the magnitude of the elastic component (spring) is increased with
decreasing bitumen content. The Viscous deformation (dashpot) approached
from the aspect of the bitumen content in the mixture suggests that shear
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flow of the bitumen takes place some time before the sample failed, with mixtures
of high bitumen content having a _longer time of shearing motion than those
of low bitumen content (Fig. 4). The viscous component will not show failure
and so, an external stress can be carried to some extent by this component.
Probably, the shearing displacement of the solid phase is governed by the flow
of the dashpot, which separates sand grains along failure planes (Round, 1960).

H0wever, the variation in flow for various eompositions of oil sand is proba-
bly influenced not only by physical interaction between the solid and viscous
phases, but also by some chemical interaction between the two of them (Carrigy,
1968). From visual observations of shear failures in the samples it could be
concluded that interference of salid particles and their redistribution by bitumen
during the loading process is a function of the percent of the solid phase
(Jeremic, 1975).

Uniaxial Load-Time Deformations

Investigation of cylindrical remoulded oil sand samples has been conducted
from two aspects: firstly, the deformation as a function of and instant constant
load, and secondly, the deformation as a function of the removal of this constant
load. The behavior of a bitumen-solid mixture for instant loading or unloading
conditions with applied constant load as a function of time can be defined
by rheological models (Van Der Poel, 1960; Ridgen, 1954). For example, the
laboratory testing showed if the load was removed before failure set in, retarded
elastic effects could occur and that part of the deformation becomes permanent:
this suggests that a qualitative description of the bitumen-solid mixture rnight
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be offered by a Kelvin element in series with a Maxwell element. Since the
total strain is the sum of these two elements, subsequently

8 = 81 + 82

a 0 t 0 _Eä8:_Q+_0_1_+_2 (l—e 2 )
E1 ’71 E2

where

00 . . . . .
E—

lS mstantaneous elastlc stram (Instantly recoverable)
1

0 t . . . . .O 1 1rrecoverable straln resultmg from the steady straln rate (Vlscous
’71 flow)

E tO" ____22 . . . .
EO—(l —e 2 ) exponentlal recoverable straln (retarded elastICIty).

2

The time dependent phenomenon for volume deformation of oil sand can be
assumed as follows:

— High grade oil sand ShOWS an instant elastic effect at time zero, what is
followed by retarded elasticity, and further deformation continues as a Viscous
effect.
— Simultaneous acting of all the elements of the model under loading and
unloading conditions produces the volume-deformation effect of the oil sand.

The experiments on high grade oil sand samples showed that under repeated
loading sometimes the retardation mechanism will have sufficient time t0 come
into action and a failure stress below the original strength will be found. So
actually at failure stress unloading and loading conditions, there is a clear
tendency for the shear strength of the oil sand t0 deteriorate. This phenomenon
has been noticed in the field during core sampling with increasing time from
the recovery of the core (retardation mechanism), followed by volume of core
deformation (Hardy and Hemstock, 1963), in agreement with our laboratory
investigations (Jeremic, 1975).

Testing of the oil sand material in the field ShOWS that its shear resistance
decrease with depth (Hardy and Hemstock, 1963). This result suggests that
retarded and Viscous deformations have already developed in intact deposits
due t0 geological cycles of loading and unloading during geological time, and
that their values depend on the magnitude of the present load (i.e. weight
of the overburden). From laboratory experiments it has been established that
for a sample subjected t0 constant load, after unloading the shear strength of
the sample deteriorated appreciably. In comparison, under very small load condi-
tions (14 KN/mz) retarded and Viscous deformations are almost negligible and
for this condition described model is not applicable.
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Cyclic Load Deformations

Oil sand behavior during unconfined cyclic loading as a function of time has
been investigated from two different aspects.

Cyclic loading withoutpreviously applied static load shows that the stress ehanges
sinusoidally with time, and from the analysis of Viscous damping can be written
as the equation (Van Der Poel, 1960)

azäsin cot

so that the oil sand should display a sinusoidal deformation with the same
angular frequency:

8: ä sin (COt—Q)

which is delayed by the phase angle Q. This is similar to the static loading
ratio between 0 and s which depends on the temperature, composition of mixture
etc., as well as, the dynamio ratio between ä and ä which depends on the
magnitude of the dynamic load, the number of cycles, temperature, composition
of the mixture, and also on the frequency.

Laboratory investigations showed that cyelic loading supplied information
not only for conditions of shear flow, but also for the phase shift (9. This
phase angle is a measure of the amount of shear energy dissipated in the
material during one cycle, given by the equation

211:

W= 5 ade
O

which represents the work done in that time per unit of volume, and which
is directly proportional to sin 8. The mechanical angle of loss is 8 and this
phenomenon itself is denoted as damping. For the oil sand energy can only
be dissipated in the dashpot (viscous phase).

The main parameter is the magnitude of the stress during one cycle of
load. For example, with an increase of magnitude of the cyclic load, the shear
resistance of oil sand shows a deterioration: a sample of high grade oil sand
at room temperature failed at 22 KN/mz) cyclic load (Fig. 5). This phenomenon
suggests that sinusoidal deformations of oil sand decrease its shear strength
with an increasing load amplitude.

Dynamic load can cuase shear flow of the intact oil sand at the stress
magnitude almost half that of a static load. If the oil sand is already loaded
with overburden this phenomenon will be even grater, as shown in the next
experiment.

Cyclic loading with previously applied static load simulated the oil sand deposit
loaded by overburden under seismic effects. The test shows that for a small
magnitude of cyclie loading, when the number of eycles is increased, the shear
resistanee of oil sand can be destroyed, probably due to structural Viscosity.
For example, a high grade sample was instantly loaded (0:20 KN/mz). The
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experiment Shows (Fig. 6) that with an increased number of cycles the retarded
elastic recovery is also increased. The test carried on t0 failure Shows a decrease
of strain recovery before failure, probably due t0 shear flow already initiated.
After failure occurs, the deformation curve as a function of time decreases
almost parabolically and continues asymptotically t0 the times axis.

Hydrnstatic Pressure Deformations

The laboratory investigations of oil sand under confined pressure in the triaxial
cell showed that applied vertical pressure (higher magnitude) and lateral pressure
(lower magnitude) tend t0 be redistributed. The redistribution of applied stress
i5 toward their equalization, and they became equal at approximately 3.5 MN/
m2. This phenomenon suggests that oil sand deposits exposed t0 overburdm
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pressure at some depth might be in a state of hydrostatic pressure. Oil sand
behavior under hydrostatic stress conditions has been investigated from two
aspects.

Oil sand deformation under hydrostatic pressure (vertical and lateral pressures
are equal) has been observed under laboratory conditions on cylindrical oil
sand samples placed in a triaxial cell (Soiltest), loaded vertically by Instron
frame and horizontally by improvised apparatus for lateral pressure. In figure 7
is illustrated a typical diagram of oil sand deformation under hydrostatic pres-
sure. It is noticeable that for applied hydrostatic pressure, there are linear
relations between stress and rate of deformation. This phenomenon suggests
that at hydrostatic stress the shear strength of the oil sand is overcome and
behaves like a Newtonian viscous substance (dashpot). This behavior can be
represented by a rheological equation in whieh the shear stress is linearly related
t0 the rate of shear strain, that is

d1
ndt

where 17 represents the coefficient of proportionality and is determined by the
viscosity of the pure bitumen. This equation clearly states that the intensity
of deformation is a function of the magnitude of the coefficient of viscosity
of the bitumen phase.

Aceepting the possibility that the oil sand under hydrostatic pressure behaves
like a Newtonian model, its deformation might be considered from the aspect
of flow deformation. Oil sand properities as a four-phase system should be
effected by behavior of each phase under hydrostatic pressure. It is obvious
that solid phase (sand particles) and viscous phase (bitumen) will behave differ-
ently, under hydrostatic pressure due t0 their differing physical properties. These
differences will effect the structural deformation of the system.

"L‘:
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Structural deformation under confined pressure is mainly effected by the Visoous
flow of bitumen within the oil sand mixture. The flow of bitumen caused
a noticeable change in the internal struoture of the oil sand. For example
a remoulded high grade oil sand sample with uniform bitumen distribution,
after subjection to higher confinement has a bitumen content redistributed in
a particular pattern. This pattern suggests that during loading pressure, the
bitumen layers had been forced upwards and inwards by shearing stress. This
is ‚shown by the increase in bitumen concentration on the top of the sample
and the sand concentration on the bottom and around the walls of the cylinder
(Fig. 8). The sand particles were probably rearranged during bitumen flow,
so as to make flow easier.

This phenomenon suggests that oil sand under higher confinement deforms
by bitumen flow, which is mostly upward. Although structure deformation
does not influence the mechnism of flow, it does follow the linear function
of a Newtonian Viscous body. It could be assumed that oil sand under sufficiently
high pressure (zero shear strength) acts like an incompressible fluid without
initial shear resistance. If this assumption is acceptable a hydrodynamic theory
might be applied to analyse further the behavior of oil sand at higher confining
pressures.

Conclusions

The behavior of oil sand is a very complex problem which should be investigated
in the field in two ways: first, the behavior of oil sand in intact deposits
as functions of the overburden pressure, composition of the mixture, and geo—
thermal gradient; second, the behavior of oil sand within a mine structure
as functions of the loading and unloading mechanism of deformation, increase
of temperature, and also the size of the mine opening.

The laboratory investigations suggest that the main part of the intact oil
sand deposits might behave like a Newtonian Viscous body due to load (overbur-
den pressure) and time (geological time). With the assumption of deformation
sufficiently high that oil sand acts like a fluid without initial shear resistance,
conventional subsurface mining systems cannot be applicable. For this possible
behavior of oil sand, some unconventional exploitation method should be util-
ized to obtain a huge mass flow of caved oil sand.

Volume deformation, with a volume extension toward an opening, might
be a phenomenon which will seal the opening and stop further caving and
oil sand flow. Any shear strength in the material will deteriorate, but movement
of the material will not be initiated.

At present many geophysical laboratories throughout the world conduct
very sophisticated research involving explosion and their related seismic effects
in thin layers, including hydraulic fracturing of rocks, temperature increases
and heat flows in rock layers, and seismicity of rock layers under high pressure.
Some of these research results might be applied to investigations of inducing
flow of oil sand and accelerating its flow during mining. Thus geophysical
applications may go beyond exploring for oil sand into methods of extracting
oil sand.
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Fig. 8. Bitumen flow under higher confined
pressure ('F Mmz) at room temperature
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Shamil-Siahou Earthquake “North-East of Bandar-Abbas”
of ZISt March, 1977

M. Sobouti, I. Eshghi, and M.M. Mostaanpour
Institute of Geophysics, Tehran University, Tehran l4, Iran

Abstract. In this paper an attempt has been made to reveal the properties of
forementioned earthquake from the field observations. The data has been
obtained from the Iranian Seismological Stations, the International Seis-
mological Center etc.

This report concerns different kind of data, preliminary studies on the
regional seismicity, ground movements isoseismal maps, specifications of the
major shocks, the subsequent aftershocks and some descriptions about the
nature of the damaged buildings.

Key words: Iran — Earthquake — Regional seismicity — Destruction.

Introduction

In the recorded history of this region we repeatedly notice the occurrence of a
series of destructive and devastating earthquakes in the various regions of the
country. In the last few decades, some of the major shocks registered throughout
the world have had their epicenters in the Plateau of Iran, approximately
numbering 50.

Prior to the Shamil-Siahou earthquake, north—east of Bandar-Abbas, 4
earthquakes of M>6 and 24 earthquakes of 6>M>5 occurred around the
epioentral zone of this earthquake and were registered in the seismological
stations of the world.

Prior to the description of the Shamil-Siahou earthquake of the 2lst March
1977, it seems necessary to discuss the geographical Situation, the geological
condition of the epicentral area and also the seismicity of the Bandar-Abbas
region.

This disoussion can help us the analysis of the results as obtained from the
macro and micro-seismic studies. Consequently this report concerns:

1. A brief geological and geographical aspects connected to the region.
2. The seismicity of the Bandar-Abbas area.

0340-062X/78/OO44/0663/502.20
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3. Macro and micro—seismic data and their analysis.
4. Description and nature of the damaged buildings.

1. Geological and Geographical Aspects of the Earthquake Area

The region affected by the Shamil-Siahou earthquake of 21st March, 1977
aceommodating 12,000 inhabitants, lies t0 the south of an elevation having a
maximum height of 2,645 m (Pousht-Kuh). The western part (Khur-Kuh) has a
maximum height of 1,471 m. This region is believed t0 have been on the extreme
southern border of the Zagross mountains. This is the region where the general
orientation of the mountain redge is E—W (Fig. 3). This region is irrigated by the
tributaries of three rivers, Shoor, Djalabi and Hassan-Langui. The springs
feeding these rivers are mostly associated with some salt contents.

The area is part of the southeastern Zagross teetonic belt. The tectonic
frame work eonsists of parallel east-west trending'antielines and synclines. Three
salt plugs are shown in the map (Fig. 1). These salt plugs seem t0 have been
active since the Jurrasie and Cretaeeous times. The major Zagross thrust fault
zone lies t0 the north of the area. Apart from a major thrust fault on the
southern flank of Pousht—Kuh few other minor faults are also present within the
area. (Geological map of Bandar-Abbas area, N10 (1963.) The present structural
setting of the area is the result of the Zagross orogeny whieh started in late
Miocene time. Evidence of some tilting of sub-recent conglomerates indieates
that this tectonic phase is still active t0 a certain degree. Apart from the Zagross
movements, the area seems to be the site of a predominantly continuous
deposition of limestone and shale, exept for a few stratigraphie levels where
minor diseonformities are indicated.

The oldest exposures of the area eonsists of the Jurassic limestone out-
cropping at the eroded core of Pousht-Kuh. The Cretaceous and the lower
Tertiary rocks are also exposed at the same places. The younger Tertiary rocks
from the Asmarie and Fars group outcrop over the whole area. The Bakhtiary
conglomerates from the youngest formation of the area overlies the older with
an angular uncomformity. The total known thickness of the sediment from
Bakhtiary formation down t0 the lowest exposures of the Silurian roeks is
approximately 8,300 m.

Silurian, Permo-Carboniferous and Triassic rocks are exposed at Kuh—e-
Faraghun about 20 km t0 the north of the area. Below Silurian the thickness of
the remaining sediments is not known. But the salt rocks of the salt plug are
thought to be of the Pre-Cambrain age.

The maximum intensity of the earthquake was found in the area between
Sharu and Dimshahr Villages. Field observations could not prove any re-
lationships between the earthquake and the present structural features of the
area.

2. Seismicity of the Bandar—Abbas Area

The region whieh lies between the latitudes 26° t0 29° N and longitudes 54° t0
58° E, having an area of 125,000 square km, has been known from immemorial
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times for its seismicity. Legends and history indicate severe and streng earth-
quakes causing heavy damages in this area.

Reference t0 the national and private libraries and the publications belong—
ing t0 the various centers and various authors, has enabled us t0 discuss the
seismic activities of the region. The region described above has had 263
destructive earthquakes that have taken place from 1900 up t0 the present time.
In the case of early earthquakes before 1900, the vague accounts as given by
ancient earthquakes for which a determination of epicentral coordinates is not
easy t0 ascertain.

In order t0 give a picture of the seismic activities of the region, a map has
been compiled (after Berberian, 1976). A large number of earthquakes prior t0
1960 have remained unknown t0 us due t0 the lack of proper recording stations.
The Compilation of this map is based on the following sources:
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p—L Individual papers concerning the early earthquakes (see the list of references).
2. Seismicity of the Earth, by B. Gutenberg and C.F. Richter, 1954; and Rothö,

1969.
The Bulletins of the International Seismological Summary (ISS).

4. The Bulletins of the Bureau of the International Seismological Centers,
Strasburg (BCIS).

5. Preliminary determination of epicenters by USCGS.
6. The Bulletins and Publications of The Seismological Service of the Institute'

of Geophysics, Tehran University.

‚9°

Figure 2 represents the distribution of the epicenters and the magnitudes of
263 shocks. Sixty—five of these shocks have occurred prior to 1960 and are
recorded by the neighbouring and the European seismological stations. The
remaining shocks were recorded by the Iranian Seismological Stations which
have been functioning since 1960.

3. Macro and Micro-Seismic Data and Yheir Analysis

3.1. Macro-Seismic Data

A. Epicentral Zone of the Earthquake. The region affected by the principal shock
has an approximate surface area of 4,500 square km (Fig. 3). The damaged
villages are grouped within the two districts, Shamil and Siahou and are situated
in agricultural plains lying between rocky elevations and sometimes at the foot
of the mountains of Pousht-Kuh and Khour-Huh. The villages lying in these
districts and their agricultural plains are as mentioned, irrigated by the affluents
of the three rivers. These tributaries, in different parts of the region, are known
with varying names as, Khoor-Joul, Viakan, Ab-Galamoun, Jamash etc. Nu-
merous hot-water springs are located at the foot of the Pousht-Kuh and Khour-
Kuh mountains. The water of some of these springs are sulphurious.

B. Visible Ejj’ects. The main shock has seriously destroyed the houses and the
buildings of about 52 villages. The number of casualties, so far, out of a
population of 12,000 people has reached to 168.

Minor cracks and undulations of the ground were seen in the area where the
houses and buildings were seriously damaged (like Dimshahr, Jeghan, Guishan,
Shahrou, etc. in Fig. 3).

The result of the observations reveal that the crust was fractured in a
direction of N 75 i5 W. This direction is detected by means of shattering and
falling of rocks and overturning of the walls, etc. The water level and even the
location of several hot-water springs located at the foot of the mountains has
been considerably changed during the earthquake.

C. Intensity Distribution. An attempt was made to Visit all the damaged region,
but owing to the natura] difficulties of the area such as the rocky elevations and
lack of roads, only 70% of the villages in the damaged area were Visited by the
team. A great deal of information was obtained by local investigations from the
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neighbouring villages and from the list of statistics as prepared by the govern-
mental agencies of the Province of Hormozgan.

Accordings t0 the results of these investigations, the maximum intensity of
the earthquake in the damaged area is estimated VIII—IX on the Modified
Mercalli scale. Lack of sufficient data and information has made the com—
pilation of the isoseismal lines (Fig. 3) extremely difficult. Whenever the data
was complete the isoseismal contour line is indicated by heavy lines and
whenever the data has been insufficient or meager, the contour lines are
represented by dotted lines.

D. Depth of Focus and Magnitude of the Earthquake a3 Computed From Ehe
Observation Data. In order t0 calculate the depth of focus, an empirical formula
relating the depth of focus with r and Im is used (Gutenberg’s formula):

1m—6.5_10
[(r)2+1]3 — g h

where

r: Radius of the isoseismal contour line having an intensity of VI—VII,
Im = Maximum intensity (m the ground surface.

h = Depth of focus.
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In the case of the earthquake under descussion we have Im=VIII—IX. For
the radius of the isoseismal contour line, the mean of the minimum and the
maximum radii are taken:

r_d1/2+d2/2
2

consequently

r = 43.75 km
and h = 23 m.

As for the magnitude of the earthquake a formula is required relating the
magnitude with the depth of focus and maximum intensity at the MM scale:

M=0.7 Im+2.3 logh—2.0.

In the case of this earthquake we have:

Im: 8.5 (the maximum intensity on the field),
h=23 (as determined in para. D).

consequently M = 7.0.

3.2. Microseismic Data

A. Characteristics of the Main Shock. The geographical coordinates of the
epicenter, origin time, depth of focus and magnitude as given by USCGS and
CSES are the following:

Epic-coordinates Origin time Depth Magnitude

(USCGS) 27.7° N, 56.5°E 21 :18 : 54 : 6 33N 7.0
(CSES) 27.63°N‚ 56.36°E 21 :18 254 — 6.75

The geographical coordinates of the epicenter and origin time of the main
shock using the registered P-Travel times in Iranian seismological stations are
given as follows:

Epicenter Coordinates Origin Time

(UTIG) 27,5°N 56.5°E 21:18:55
(Tehran)

The magnitude of this earthquake is calculated at the Tehran Seismological
Station from the maximum amplitude (A) of S wave recorded by the short—
period (T=O.8 s) Stuttgart-Hiller seismograph, using the formula:

A
M

=log?+
3.39 Log A —4.49.
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The result is:

M = 6.9.

In order t0 evaluate the energy released in this earthquake, use is made of
the Both’s formula:

log E =12.24+ 1.44 M.

Using the value as calculated at the Tehran station we have:

E = 1.5 ><1022 ergs.

B. Aftershocks. As usua] after the main shock a series of some hundreds of
aftershocks took place in the epicentral area. The majority of these shocks were
only felt, without causing material damage. Aftershocks with higher intensity are
those that have been registered at the Shiraz station (A 2420 i20 km).

shiraz station. From 21st t0 31th
l I

Fig. 4. Aftershocks recorded at

iI #DAYS March A2420i20km. 3.5>m>6.5
ZIMARCH 3|“ MARCH

l..1||II. MIILII . .IIJJ
10 APR-1977 2'0 2'0 MAY 3ÖMAY DAYS

Fig.5. Aftershocks recorded at Bandar Abbas. From 10th April t0 27th May. A 2 80:20 km
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Fig. (‚a—c. Damagc 10 houses of different construction (sce text)

These aftershocks caused the already damaged buildings and constructions
t0 collapse further and thus causing more and more destructions.

Figure 4 describes graphically the aftershock actively from 213t March t0
3lst March 1977.

Figure 5 describes graphically the aftershocks recorded at Bandar-Abbas, by
a portable Sprengnether seismograph during 48 days from 10th April t0 27th
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May, 1977. Owing to their importance and magnitude, some of these aftershocks
had been delineated by USCGS.

4. Description and Nature of Damaged Buildings

The damage caused by the main shock was mainly due to the poor quality of
the materials used and also to the construction of rural houses in this area.

.About 10% of the houses in this region were made of bricks and the joint
material was center mortar, pure mud or mud with lime. The roof is made up to
steel beams resting on the reinforced concrete. An example of this kind of
building was the newly built “Sharou School Building”.

In this kind of building, the connection between the beams and the walls is
unperfect. The details of the joint could be seen in Figure 6a. Ten or Fifteen
percent of the houses were made of cement mortar blocks with wooden or steel
roof beams. In this elass of building, walls were made of sun-dried, hollow,
cement mortar blocks. The material of joint was cement mortar or pure mud
(Fig. 6b). Seventy-five or Eighty percent of the houses were made of sun dried
bricks, with mud mortar, sometimes with a small amount of lime. For the roof,
wooden beams are used which are then covered with a layer of mat and then
with a 15 to 20 cm, layer of mud-straw (Kahguel) (Fig. 60). The majority of the
house in the epicentral region were of only one story.

Conclusion

From the point of View of the seismicity of the region, this area is seismically
active and at one time or another a shock has to be expected.

According to the results of field investigations and the existing relation
between intensity and horizontal ground acceleration, the acceleration is esti-
mated to be (y = 150 i50 cm/sz).

In the reconstructing and planning of the urban or rural developement, those
results must be taken into the design consideration.
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Anomalous P-Velocities in the Earth’s Outer Core

J .A. Jacobs
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Madingley Road, Cambridge CB3 OEZ, England
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Kind and Müller (1977) recently put forward a new model for the structure of
the Earth’s outer core based on SKS amplitudes and travel times. Specifically
they used long period observations of SKS/SKKS amplitude ratios and travel
time differences between SKS and SKKS from five deep-focus earthquakes in
the Tonga-Fiji region, and obtained significant disagreements with conventional
core models. Theyruled out near source effects as the cause of these disagree-
ments which they believe are caused by anomalous conditions around a depth of
3750 km. Their P-Velocity structure around this depth is reproduced in Figure 1.
It is the purpose of this short note to explore whether any physical-chemical
model of the outer core could explain such a velocity structure, the validity of
which demands further confirmation.

Since a light alloying element is required t0 account for the density of the
core, it is probable that the core has a melting interval rather than a well-defined
melting temperature. The solidus, or eutectic, temperature of the core could be
quite a bit lower than the melting point of pure iron or the liquidus temperature
of the alloy. Moreover since the liquidus is pressure dependent, the composition
of the core would vary with depth. If core temperatures are below the liquidus
solid iron would coexist with an ironrich melt solution. The solid iron could
either be held in suspension by turbulent convection or settle out. An expla-
nation for the behaviour of Figurel is put forward based on the supposition
that between L1 and L2 the actual temperature in the outer core falls below the
liquidus, crossing the solidus at L2. Between L1 and L2 there is then a slurry of
solid iron particles. Between L2 and L3 the temperature falls below the solidus
and the core is solid. At L3 the temperature rises above the solidus again,
crossing the liquidus at L4. Between L3 and L4 we again have a slurry of solid
iron particles. It is further assumed that there is n0 abnormal behaviour in the
incompressibility k which increases smoothly with depth (Bullen, 1949).

Consider first the region L1 L2 where the gradient of the velocity vp of P
waves is reduced. It is suggested that this reduction arises from the increased

0340—062X/78/0044/0675/501 .00
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density in this region due to the solid iron particles in the slurry. Consider next
the region L2 L3 where there is a rapid inorease in vp. This is accounted for by
the elimination of a melt fraction in the core where the temperature has fallen
below the solidus. If the material becomes sufficiently rigid, shear waves may be
transmitted, and the abnormal increase in vp given by vä=k/p+%v52 where p is
the density and vs the velocity of shear waves. Taking the values of vp from Kind
and Müller (1977) and those of k and p from Model 1066B (Gilbert and
Dziewonski, 1975) which Kind and Müller used for densities, values of vs can be
calculated throughout L2 L3. At L3, vs: 1.60 km/s. Finally in region L3 L4 the
temperature has risen above the solidus and we again have a slurry. vS is now
zero and the increase in vp is reduced below that of ‘normal models’. If the
increase in p (due to the presence of the solid iron particles) is approx. equal to
that in k, then vp is approx. constant as indicated in Figure 1. As L4 is
approached, the temperature exceeds the liquidus again and the material would
begin to melt. The latent heat absorbed on melting would probably keep the
temperature near the liquidus. The density gradient would decrease and ap—
proach its more ‘normal’ value leading to more ‘normal’ values of the velocity
gradient, as observed.

lt should again be emphasized that it is not suggested that the above thermal
structure actually occurs in the core—it is only put forward as a possible
explanation of the behaviour of the vp depth curve in the outer core (Fig. 1)
should this be substantiated by further work. For this model the core would be
stably stratified at least over part of its depth. It is interesting in this regard to
note that in some of the models that have been proposed for the outer oore, we
have found some indication that there may be a central stable region, i.e.‚ a

k d . .region where the stability parameter ß=1+g——2-d—p— 1ntroduced by Pekerls and
p r

Accad (1972) is negative. However the degree of stability in such a region and
the composition gradient across the core appear slight and it seems doubtful
Whether such an abnormal velocity region as found by Kind and Müller does in
fact exist.
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In Memoriam

In Memoriam Alfred Schleusener

Am 13. April 1978 verstarb Professor Dr.-Ing. Alfred Schleusener, ein Pionier
der Angewandten Geophysik, nach kurzer schwerer Krankheit in Hannover.

Alfred Schleusener wurde am 1. März 1898 in Staffelde, Kreis Soldin, gebo—
ren. Das Studium der Bergbauwissenschaften an der Technischen Hochschule
Berlin-Charlottenburg vermittelte ihm u.a. eine gründliche Kenntnis in der La-
gerstättenkunde sowie in Geologie und Mineralogie und führte ihn an die ange-
wandte Geophysik heran. Diesem in den zwanziger Jahren sich stürmisch entwik-
kelnden Bereich wandte er sich dann auch nach seinem Diplomexarnen zu und
trat 1925 in die Gesellschaft für Bodenforschung „Exploration“, Berlin, ein,
welche 1928 mit der Seismos GmbH, Hannover, verschmolzen wurde.

Die ersten Jahre seiner beruflichen Tätigkeit führten den jungen Diplom-
Bergingenieur sogleich in den Drehwaage—Boom der Erdöl—Exploration, in wel-
chem deutsche Meßtrupps in Texas zahlreiche erdölführende Salzdome entdeck-
ten. Die in den dreißiger Jahren folgende Umwälzung in der gravimetrischen
Methode, bei der in kurzer Zeit Drehwaage und Pendelapparat durch das Gravi-
meter verdrängt wurden, wurde wesentlich von A. Schleusener beeinflußt. Das
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von ihm — nach einer Idee und Vorversuchen von Stephan von Thyssen-Borne-
misza — im Jahre 1934 entwickelte astasierte Gravimeter erreichte als erster
statischer Schweremesser eine serienmäßige Einsatzreife für die Geländearbeit.
Rund 100 Geräte dieses Typs wurden von der Seismos hergestellt und in zahlrei-
chen Ländern eingesetzt. Eine besondere Würdigung erfuhr diese Leistung durch
die Auszeichnung des Thyssen-Schleusener—Gravimeters mit einer Goldmedaille
anläßlich der Weltausstellung in Paris 1937.

Die hohe Genauigkeit dieses Gravimeters erlaubte auch die Durchführung
regionaler Schweremessungen. So führten Meßtrupps der Seismos unter Leitung
von A. Schleusener von 1935 bis 1945 eine detaillierte gravimetrische Vermessung
Mitteleuropas im Rahmen der Geophysikalischen Reichsaufnahme durch, deren
Resultate bis heute die Grundlage für großräumige gravimetrische Untersuchun-
gen bilden. Nachdem hierauf aufbauend bereits 1949 in Zusammenarbeit mit
H. Closs eine Freiluftschwerekarte Zentraleuropas entstanden war, konnten
dann 1957 und 1959 die für geodätische Problemstellungen bedeutsamen Karten
1:1 Mill. der Bougueranomalien und der mittleren 6’ x10’-Freiluftanoma1ien
vom Institut für Angewandte Geodäsie, Frankfurt a.M., herausgegeben werden.
Die von A. Schleusener hierfür abgeschätzten mittleren Höhen Zentraleuropas
(1959) dienen auch heute noch als Geländemodell für Berechnungen der gravime-
trischen Geodäsie.

Beim Wiederaufbau der Seismos nach 1945 wurde A. Schleusener die Leitung
der Abteilung für Gravimetrie und andere nichtseismische Methoden übertragen,
die er bis 1963 innehatte. Gravimetrische Meßtrupps — jetzt mit modernen
amerikanischen Gravimetern ausgerüstet — führten in dieser Zeit groß- und
kleinräumige Vermessungen in verschiedenen Gebieten Deutschlands (u.a. über
zahlreichen Salzstöcken Norddeutschlands, im Saar-Nahe-Becken, am west-
lichen Rheintalgrabenrand und in der oberbayerischen Faltenmolasse), in Grie-
chenland, in der Türkei, in Spanien und im Kongo aus. Dem Einsatz von
A. Schleusener ist es entscheidend zu verdanken, daß die weltweite Aktivität
der deutschen Angewandten Geophysik nach 1945 wiederum in starkem Maße
auch die nichtseismischen Verfahren und besonders die Gravimetrie umfaßte.

Die wissenschaftliche Arbeit von A. Schleusener wird durch mehr als 30
Publikationen dokumentiert, welche seiner Doktorarbeit (1936) folgten. Diese
von Professor Ludger Mintrop betreute Arbeit behandelt die gerade in der
jüngsten Literatur wieder aufgegriffene Frage der Deformation von Niveauflä-
chen durch Massenbewegungen, die Doktorwürde wurde ihm von der Techni-
schen Hochschule Breslau verliehen. Schleuseners Veröffentlichungen befassen
sich naturgemäß vor allem mit Fragen der angewandten Gravimetrie. So unter-
sucht er die Genauigkeit und Einsatzmöglichkeit des Thyssen-Schleusener-Gravi-
meters, behandelt Eichprobleme und äußere Störeffekte, diskutiert die mit der
Schwerereduktion und der Interpretation zusammenhängenden Fragen des Frei-
luftfaktors, der Dichtebestimmung sowie der Wirkung der Topographie und
tiefer liegender Dichteanomalien. Bis heute benutzt werden seine Nomogramme
zur Geländereduktion und die von ihm eingeführten unterschiedlichen Reduk-
tionshorizonte.

Die Teilnahme an der von O. Niemczyk geleiteten deutschen Island—Expedi-
tion 1938 brachte ihn mit einer seit der Entwicklung der Plattentektonik beson-
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ders aktuell gewordenen geowissenschaftlichen Problemstellung in Berührung,
nämlich der Frage des Nachweises rezenter Krustenbewegungen im Bereich
aktiver Plattengrenzen. Seine Idee, aus den 1938 durchgeführten Gravimetermes-
sungen im Bereich der jungvulkanischen Zone Nordislands detaillierte Hinweise
sowohl auf das regionale und lokale als auch — durch Wiederholungsmessungen
—— auf das langzeitige Verhalten des Schwerefeldes zu erhalten, konnte von
ihm 1964/1965 in Verbindung mit den geodätischen Arbeiten von K. Gerke
und H. Spickernagel wieder aufgegriffen werden. In diesen und in den 1967
und 1970 in Kooperation mit dem Institut für Theoretische Geodäsie der Techni-
schen Universität Hannover durchgeführten Meßkampagnen wurde die Zahl
der Gravimeterpunkte wesentlich erhöht und die Genauigkeit der jetzt dauerhaft
vermarkten Punkte eines die Riftzone kreuzenden Profils auf i 10’ 8 g gesteigert.
1971 konnte A. Schleusener dann zusammen mit dem Verfasser auf der XV.
Generalversammlung der I.U.G.G. in Moskau die ersten Anzeichen für langfri-
stige" Schwereänderungen präsentieren.

A. Schleuseners wissenschaftliche Verdienste und seine reichen praktischen
Erfahrungen veranlaßten die T.U. Hannover, ihm einen Lehrauftrag für Ange-
wandte Geophysik, speziell Gravimetrie, zu erteilen und ihn zum Honorarprofes-
sor zu ernennen. Von 1954 bis 1968 vermittelte er hier den Studenten der
Geodäsie ein solides Grundwissen besonders in der Gravimetrie und konnte
eine Anzahl von ihnen — den Autor eingeschlossen — so interessieren, daß
sie sich später der Angewandten Geophysik oder der gravimetrischen Geodäsie
zuwandten. Der Verfasser dieser Zeilen schätzt sich persönlich glücklich, daß
er — bei seiner Diplomarbeit, in der Seismos und ab 1968 am Institut für
Theoretische Geodäsie — die Gelegenheit zu einer engen und für ihn stets
fruchtbaren Zusammenarbeit mit A. Schleusener hatte. Besonders gern erinnert
er sich an die Meßkampagne in Island 1970, bei der A. Schleusener —— im
Alter von 72 Jahren — den anderen Expeditionsteilnehmern einschließlich der
Studenten ein bewundernswertes Beispiel von Begeisterungsfähigkeit und persön-
lichem Einsatz gab.

Schleuseners Aktivität äußerte sich auch in einem starken Engagement in
den Fachvereinigungen. So gehörte er 1951 zu den Gründern der European
Association of Exploration Geophysicists. Er war Mitglied der Society of Explo-
ration Geophysicists, der Internationalen Gravimetrischen Expedition und der
Deutschen Geophysikalischen Gesellschaft, welche ihn für die Amtsperiode
1964— 1966 zu ihrem Vorsitzenden wählte.

Alfred Schleusener, ein gründlicher Wissenschaftler und Praktiker und eine
Persönlichkeit von ausgeprägtem Pflichtgefühl, dabei aber stets liebenswürdig
und hilfsbereit, hat rund 50 Jahre besonders die Gravimetrie in Theorie und
Anwendung gefördert und befruchtet und national wie international Anerken-
nung im Bereich von Geophysik und Geodäsie gefunden. Er hinterläßt einen
Sohn, eine Schwiegertochter und zwei Enkelkinder; seine Ehefrau Lore, welche
an seinen Arbeiten stets großen Anteil nahm, ist kurz nach ihm verstorben.

Die gravimetrische Gemeinschaft wird Alfred Schleusener nicht vergessen.

W. T0rge, Hannover
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