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SECTION A

PRELIMINARY ANALYSIS OF THE WESTERN NORILSK - LAKE
BAIKAL DEEP SEISMIC SOUNDING PROFILE

Keith F. Priestley, Department of Earth Sciences, Cambridge University
John Cipar, Phillips Laboratory, Hanscom AFB, Ma 01731
N.I. Pavlenkova, and A.V. Egorkin, Russian Academy of Sciences
Moscow, U.S.S.R.

ABSTRACT

Seismograms from a 2400 km long deep seismic sounding profile extending from
Norilsk to Lake Baikal have been abalyzed to determine the upper mantle structure
beneath the Siberian platform. As a initial interpretation of these data we have con-
structed one dimensional models for each shot point. The motivation for this is to
provide a reference model for further investigations of lateral variations in mantle struc-
ture and comparison with previously derived models of upper mantl structure of the
Eurasian landmass.

INTRODUCTION

The reliable determination of upper mantle velocity structure is an area of con-
siderable geophysical interest since it bears upon problems of mantle composition and
mantle convection. Variations in upper mantle velocity structure also have important
implications in a nuclear discrimination/verification context as regional seismic phases
will play a major role in monitoring any future test ban treaties. Most upper mantl-
velocity models published in the western literature are based on analysis of body waves
or surface waves from earthquakes, or analysis of teleseismic body waves of nuclear ex-
plosions (Given and Helmberger, 1980). These provide average upper mantle velocity
structure, but do not allow for the elucidation of detailed velocity structure required
to address current questions.

During the past 30 years the Soviet Ministry of Geology has conducted an extensive
seismic exploration program of the Eurasian crust and upper mantle. Many of these
lines use nuclear explosions as seismic sources for recording at large offsets (up to 3000
km) and conventional explosives for shorter offsets. This has permitted interpretation
of velocity structure (from refraction) to upper mantle depths (150-200 km) and of
velocity contrasts (from reflections) at much deeper depths. The Soviet analysis of the
data has been performed using a method analogous to forward raytracing methods.
Yegorkin et al, (1977) describe a forward modeling procedure by which travel times
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are computed for successively deeper penetrating rays and the theoretical travel times
for a proposed structure are compared with the observed travel time until they fit to
within prescribed error limits (about 0.3-0.5 sec). Soviet seismologists consider wave
amplitudes by comparing observed seismic amplitudes with the density of computed
rays. Results for only a few of these profiles are discussed in the western literature
(Yegorkin and Pavlenkova, 1981; Pavlenkova and Yergorkin, 1983; Egorkin et al, 1984)
and until recen.ly none of the data have been available to western seismologists.

In this paper we discuss analysis of one of these profiles recorded across the Siberian
platform.

THE DATA

The 2400-km long "RIFT” profile recorded in 1982, extends across the Siberian
platform from Norilsk to Lake Baikal (Fig. 1). Seismograms from three nuclear shot
points were recorded. The northernmost shot point (SP 245) is in western Norilsk
within the West Siberian rift, on the northwest edge of the Siberian Platform. This
failed rift developed in the Triassic (235-215 mya) during the initial breakup of Pangea.
Following the extinction of extension, the rift was buried beneath approximately 15 km
of sediment. Geochemical analysis of basalts within the rift show a chemical compo-
sition similar to ocean tholeiites. The profile extends southeast across the Tunguss
Basin, a region of Late Paleozoic extension and widespread intraplate flood basalts
(1.2x10%km® in 10 Ma), to the presently active Baikal rift. The central shot point (SP
173) is in western Tura within the Tunguss Basin, approximately 700 km southeast of
the first shot point. Data from this shot extends 560 km northwest reversing a section
of the profile from the first shot point and 1700 km southeast across the Baikal rift.
The southernmost shot point (SP 35) is located 250 km north of Lake Baikal. Data
from this shot extends 325 km to the south across the Baikal rift and nearly 2200 km to
the north reversing both the northern and central shots. Unfortunately, instrumental
problems led to a 640 km gap in the profile from 80 to 720 km. This gap is filled in
by a large chemical shot (SP 36) just north of SP 35. Body wave magnitudes of the
three nuclear shots range from 5.0 to 5.2 and as such are observable on low-noise, high
gain teleseismic stations. Table 1 list relevant source parameters obtained from the
International Seismological Centre bulletin.

The nuclear shots were recorded at 260 sites each equipped with the " Taiga™ seismic
system (Chichinin et al., 1969). These stations record six data channels in analogue
form as well as radio time signals. Three components are recorded: vertical, radial,
and transverse. The six channels are used to record each component at high and low
gain, thus greatly increasing the dynamic range. The sensors had a natural frequency
of 1.5 Hz and the recording system as a whole had a usable bandwidth between 0.5-20
Hz.

Data for these profiles were obtained in the form of large paper record sections
(25 mm/sec x 2.5 mm/km) with station locations accurate to 0.1 km. The traces were
commercially digitized and corrected for amplitude scaling to produce trace-normalized
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record sections (Fig. 2a-c). The paper record sections were plotted using the high-gain
channel for the first arrival and, if necessary, the low-gain channel for the remainder
of the seismogram. An overlap of 1-3 seconds allowed most traces to be rescaled
with proper relative amplitude. In addition to the nuclear shots a detailed system of
crustal observations has also been made. Chemical explosions (3000-5000 Kg each)
were detonated at approximately 70 km intervals along the profile and recorded on
reversed profiles 250-300 km long. On of these, SP 36, is shown in Fig.2d.

DISCUSSION OF THE OBSERVED RECORD SECTIONS

The clear differences between the seismograms from the ‘hree explosions imply that
the velocity structure of the lithosphere is variable along the profile. Here we discuss
the general features of the record sections ~ more detailed comments on the record
sections for each shot point are give in the figure captions.

Near each shot point, crustal arrivals are prominent, especially the P; phase. Man-
tle refraciions are recorded as first arrivals at offsets of 150-200 km. Due to the scale,
P, appears to be comparatively weak on these figures, but can be clearly seen in the
digital data. Apparent upper mantle velocities ranges between 8.3 and 8.45 km/sec
based on fitting a straight line to first arrivals in the 200-600 km range. Estimated
crustal thickness ranges from 50 km in the West Siberian Rift to 42 km beneath the
Siberian craton. At longer ranges, the first arrivals appear to have variable amplitudes
and arrival times, and reflect real variations in the lithosphere as they are correlated
over several hundred kilometers. Likewise, the amplitude variations are complex. For
example, in the distance range 1300-1500 km for SP 245 (Fig. 2a), high amplitude
arrivals that begin after the first arrival at 1300 km, progressively move forward, be-
coming the first arrival at 1500 km. This pattern is consistent with a reflected phase
from a high velocity layer. Several repetitions of this structure indicate complex lay-
ering within the upper several hundred kilometers of the mantle. At least some, if not
all, of these observations may be due to lateral variations in structure (Pavlenkova and
Egorkin, 1983).

At longer ranges, arrivals from the mantle zone can be observed. The reflec-
tion/refraction from the 410-km discontinuity is a clear secondary arrival beginning
about 1700 km, becoming the first arrival by 2200 km. At 2100-2300 km range, a bright
reflection from the 660-km discontinuity can be observed at about 12 sec reduced time.
There is no clear evidence of the 550-km discontinuity described by Shearer (1990),
although the seismograms in this distance range are complex. Also there is a consid-
erable difference between SP 245 (Fig. 2a) and SP 35 (Fig. 2c) data at comparable
transition zone ranges. Whereas SP 245 indicates strong arrivals from transition zone
discontinuities, the SP 35 data do not contain similar arrivals. At this stage, it is
unclear whether this observation is the result of lateral variation in the mantle or the
result of near surface feature which may mask the arrivals.

From 1000-2200 km this section is characterized by low-amplitude first arrivals
followed by a more energetic arrival 1-3 seconds later. The stronger second arrival in the
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range 1000-1800 km is interpreted as a reflection from a discontinuity at approximately
200 km depth. The low amplitude of the first arrivals from 1600-2200 km implies a low
velocity gradient below this discontinuity.

From 1540-2140 km a strong phase follows the first arrivals by 10 seconds at shorter
ranges diminishing to 2 seconds at longer ranges. This phase is associated with high
gradients or a discontinuity near 400 km depth. The 400 km phases cross over to
become the first arrival beyond 2230 km. The apparent velocity of the first arrival
increases from 8.7 km/sec at distances of 1600-2100 km to 10.6 km/sec beyond 2200
km.

From 2230-2570 km distance there is another prodiominent phase following the first
arrival by 3-1 seconds that is interpreted as energy returned from a discontinuity near
650 km depth.

Figure 2 clearly shows the presence of significant structure within the upper mantle.
We have constructed a radially stratified velocity model to fit the travel times and
amplitudes of the various phases using a combination of travel time and synthetic
seismogram modeling. Our objective has been to construct a representative velocity
structure for the region and so have concentrated on the major features of the data and
model.

COMPARISON WITH PUBLISHED EURASIAN MANTLE MODELS

First arrival times and prominent secondary arrival times for SP 245 were read from
the original record section and are shown in Figure 5. The data are compared to two
published models for the Eurasian upper mantle: model K8 (Given and Helmberger,
1980) was derived using long-period seismograms of Soviet nuclear blasts recorded in
Europe, and model KCA (King and Calcagnile, 1976) was derived from P wave phase
velocity measurements at NORSAR. A comparison of the velocity-depth function for
these modeis is shown in the inset to Fig. 3. The first arrivals define a travel time branch
of variable amplitude. Note especially the long-wavelength, 1-1.5 second travel time
variation from about 750 to 1450 km range. This consistency suggests the presence of
a large-scale velocity anomaly in the upper mantle, probably in the depth range 70-150
km. Neither upper mantle model accounts for these travel time anomalies. The chief
difference between the two models is the presence of a low-velocity zone between 150-
200 km depth in K8 as well as a higher gradient in K8 between the LVZ and the 420-km
discontinuity. The K8 LVZ produces a pronounced shadow zone in the travel time curve
that is not supported by the observations. KCA, on the other hand, with a smooth
upper mantle, generally predicts the overall shape of the observed travel times. Neither
model accounts for the relatively slow arrivals in the 250-270 km range. Both models
generally predict the arrival times of waves from the transition zone discontinuities.
In general, KCA accounts for the overall shape and amplitude behavior of the SP245
travel time observations.

Figure 4 compares part of the SP 245 record section in the range 1600-2400 km with
the travel time curve for the KCA (King and Calcagnile, 1976). As noted above, the
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branch from above the 400 km discontinuity is about 1 second slow compared to the
observations. Reflections (dashed line) and refraction (solid line) from the 420-km are
in general agreement although, again, slightly late. The critical point should be shifted
from about 1760 km to 1800 km where the data show a prominent bright spot. By far
the worst fit is for the reflection branch (D) from the 690-km discontinuity. The KCA
curve both misses the prominent bright spot by 1-1.5 seconds and has an apparent
velocity much greater than observed.

DISCUSSION

The purpose of this investigation is to improve our understanding of the Eurasian
crust and upper mantle velocity structure. Improvement of our understanding in these
areas will help in evaluating the significant factors controlling the propagation of re-
gional seismic phases; in "calibrating” the IRIS seismographs and the Scandinavian
array in terms of the seismic wavefield resulting from Kazakh Test Site (KTS) ex-
plosions; and in assessing the efficiency cof high frequency propagation, and its use in
elucidating source characteristics of Central Asian seismic events. An improved un-
derstanding of the propagation characteristics of regional seismic phases will facilitate
interpreation of source characteristics from the seismograms.

One of the motivations for constructing the velocity model shown in Figure 4 has
been to provide a reference model for future investigations of lateral variations of the
mantle velocity structure. As such we have avoided interpreting features in the data
that may be produced by localized velocity gradients in the region sampled by this data
set. Observations of lateral heterogeniety across Siberia will be discussed in a future

paper.
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TABLE 1

Shot Date Origin Time Coordinates mpy Mg Location

SP035 7/30/82 2100022 53.810°N 104.130°E 5.1 3.8 Lake Baikal
SP173 9/25/82 1759 57.1 64.313°N  97.834°E 5.1 Central Siberia
SP245 9/04/82 17 59 58.4 69.206°N  81.647°E 5.2 3.5 Western Siberia

FIGURE CAPTIONS

Figure 1. Simplified tectonic map of Central Asia. The "RIFT” profile is marked by
the heavy solid line and the shot points by the solid circles.

Figure 2. Record sections for recordings of the three nuclear explosions. The seismo-
grams have been reduced by a velocity of 8.2 k/s — (a) SP245; (b) SP173; (c) SP35;
(d) SP36.

Figure 3. Comparison of the observed travel times from shot point SP245 (open cir-
cles) with travel times predicted from models K8 (solid line, Given and Helmberger,
1980) and KCA (dashed line, King and Calcagnile, 1976). The inset shows th- P-wave
velocity-depth functions for the models.

Figure 4. Comparison of the observed seismograms in the distance range 1600 — 2200
km for the SP245 shot point, and travel times computed for model KCA
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SECTION B

IMPLICATIONS OF EARTHQUAKE FOCAL MECHANISM DATA FOR
THE ACTIVE TECTONICS OF THE SOUTH CASPIAN BASIN AND
SURROUNDING REGIONS

Keith Priestley!
Department of Geological Sciences
and Seismological Laboratory
University of Nevada, Reno
Reno, Nevada 89557

Calum Baker, James Jackson
Department of Earth Sciences
University of Cambridge
Cambridge, CB3 0EZ, United Kingdom

SUMMARY

The south Caspian Basin is a relatively aseismic block within the Alpine-Himalayan
Belt, but is surrounded by zones of high seismicity. We used the focal mechanisms of 16
earthquakes whose source parameters we determined from inversion of body waves, and the
mechanisms of 15 other earthquakes to determine the style of faulting in the seismic belts
that surround the south Caspian Basin. Earthquakes beneath the Talesh Mountains of NW
Iran and immediately off-shore in the SW Caspian Sea have shallow thrust mechanisms,
showing that the continental crust of NW Iran is overthrusting the "oceanic-like” crust of
the south Caspian Basin. Earthquakes south of the Caspian Sea in northern Iran show a
mixture of focal mechanisms. Both high angle reverse faulting and left-lateral strike slip
faulting are observed in the high Alborz Mountains. Farthers south, on the edge of the
central Iran plateau, oblique left-lateral reverse mechanisms are observed. It seems that the
NE direction of shortening between central Iran and the south Caspian Basin is partitioned
into pure left-lateral strike-slip and thrusting in the WNW trending high Alborz, but is
accomnodated by oblique faulting in lower elevations. Earthquakes in the Kopet Dag
Mountains east of the Caspian Sea also show a mixture of high angle reverse and strike-
slip faulting mechanisms and thus may be another example of the partitioning of oblique
slip into strike-slip and thrust motion. Normal faulting mechanisms at centroid depths of
35 to 50 km dominate in the belt of seismicity which extends across the central Caspian
Sea. The significance of the normal faulting earthquakes is enigmatic. It is improbable
that these events represent the motion between the southern Caspian Basin and Eurasia
for they imply a sense of motion which is incompatible with the observed topography and
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folding in the sediments. Two shallow earthquakes at about 12 km depth in this belt,
one a small event and the other a large second sub-event of a multiple earthquake, have
thrusting mechanisms suggesting that shortening occurs as the continental crust of the
northern Caspian is thrust over the "oceanic-like” crust of the southern Caspian Basin.
Shortening is also suggested by the orientations of folds in the sedimentary cover south of
the central Caspian Sea seismic belt. We suggest that this shortening does indeed represent
a NNE motion of the Caspian Sea relative to Eurasia, but that the motion is slow and has
not produced many earthquakes. The deep, normal faulting may be related to bending
or down-dip extension of the incipient subducted slab. If the motion of the Caspian Sea
relative to Eurasia is indeed slow, then the motion in the Alborz between central Iran and
the south Caspian Basin will be almost the same as that between Iran and Eurasia, as has
previously been assumed.

The combined effect of the overthrusting of the south Caspian Basin by the Talesh-
Alborz mountains in the south, and by the continental crust of the northern Caspian Sea in
the north will lead to the eventual destruction of the south Caspian Basin and the possible
formation of an intermediate depth, dipping seismic zone within the continental interior,
similar to that presently observed in the Hindu Kush.

INTRODUCTION

This paper is concerned with the active faulting in and around the south Caspian Basin,
which is a relatively aseismic block within theAlpine-Himalayan Belt but is surrounded by
highly active seismic zones.

There were two motivations for this study. The first was to discover the nature of
the deformation in the belt of seismicity extending across the central Caspian Sea from
the Caucasus in the west to the Kopet Dag in the east. Before 1986, r.o earthquakes
of my < 5.5had occurred in this belt since the installation of the World Wide Standard
Seismic Network (WWSSN) in the early 1960’s and thus no reliable fault plane solutions
were available. As a result, discussions of the motion of the south Caspian Basin with
respect to Eurasia have largely been speculative. Nowroozi (1972) believed that the south
Caspian is moving northwestward relative to Eurasia. Jackson & McKenzie (1984) pointed
out that the thrust faulting earthquakes that occur throughout the Caucasus, Alborz, and
Kopet Dag Mountains all have similar slip vectors directed NE, suggesting that the south
Caspian is moving northeastward relative to Eurasia, although less rapidly than Iran. We
have studied the mechanisms of several earthquakes in the Trans-Caspian seismic belt to
better define the motion of the south Caspian Basin.

A second motivation for the study was to better understand the tectonic setting of
the 6 June 1990 earthquake in the Talesh Mountains of the southwest Caspian. This was
by far the largest earthquake (M, 7.2) to occur in the region this century, and it had a
focal mechanism quite unlike that of neighboring events. A detailed field and seismological
report on this earthquake is published elsewhere (Berberian et al, 1991).

The principale new data we present new observations of earthquake focal mechanisms
and depths determined from P-wave first motion and P- and SH-waveform data. These
are much better constrained than the anisms and in earlier studies (eg. Jackson and
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McKenzie, 1984), which were based on P wave first motions alone, and extend the period
of obsetvation to 1990.

GEOLOGICAL AND GEOPHYSICAL SETTING

The seismicity of the Middle East is dispersed over bands 100 - 300 km wide, which
surround regions such as the south Caspian Basin and central Ira within which the seis-
micity is relatively low (Fig. 5 and Jackson & Mckenzien 1984). The western and southern
margins of the south Caspian Basin are bounded by an active arcuate fold and thrust belt
in the Talesh and Alborz Mountains (Fig. 6a). To the east of the south Caspian Sea lies
the west Turkmenian lowlands, which are structurally part of the south Caspian Basin.
Farther to the east lie the seismically active Kopet Dag Mountains. The deeper water
(~1000m) of the south Caspian Basin is separated from the shallower water (~200m) of
the central and north Caspian Sea by the Apshceron - Balkhan sill, a shallow, seismi-
cally active zone extending from the Caucasus Mountains in the west to the Kopet Dag
Mountains in the east (Fig. 5, 6b).

Deep seismic sounding (DSS) data from the south Caspian Basin reveal a crust consist-
ing of a thick (15-20 km) low elocity (V, 3.5 to 4.0 kms™!) sedimentary section resting on a
high velocity (V, > 6.7 kms™!) layer (Galperin et al, 1962; Malovitsky, 1968; Neprochnov,
1968; Rezanov & Chamo, 1969; Malovitsky et al, 1970; Fedynsky et al, 1972) (Fig. 6a).
DSS data to the east of the south Caspian Basin indicate the existence of a V, 6.0 kms™!
layer, thought to represent continental basement, which pinches out towards the southwest
and disappears beneath the Turkmenian lowlands. The existence of a 6.0 kms™! layer is
also apparent in DSS data from north of the Apshceron-Balkhan sill and in the Talesh and
Alborz Mountains in northern Iran (Berberian, 1983), to the south of the Caspian Sea.
The high velocity crustal layer of the south Caspian Basin has been assumed by many
to be "oceanic-like crust” and this view is supported by observations of L, blockage and
efficient S, propagation for paths crossing the south Caspian Basin (Kadinsky - Cade, et
al, 1981). Seismic profiling shows that the sedimentary cover of the south Caspian Basin
has undergone considerable deformation (Zonenshain & Le Pichon, 1986).

In the western part of the basin the fold axes trend NNW-SSE to N-S (Fig. 6a). Fold
axes in the north and south parts of the basin trend NW-SE roughly parallel with the
Apshceron-Balkhan Sill and the north Iranian coast, respectively (Fig. 6a).

The tectonic history of the south Caspian Basin has been reviewed by Berberian &
King (1981), Berberian (1983), and Zonenshain & Le Pichon (1986). The age of the
"oceanic® basement is uncertain. Paleoreconstruction of the Iranian region (Berberian
and King, 1981) indicates that if the high velocity layer is oceanic it could be a relic of
an ocean that closed in either the Triassic or the Cretaceous, or else a marginal sea that
developed behind an island arc. The region has been dominated by compression during the
Pliocene-Pleistocene. Some Soviet earth scientists (e.g. Muratov, 1972; Yanshin et al, 1980;
Shlezinger, 1981) propose that the south Caspian Basin is young and was formed by the
eclogitization and subsidence of granitic continental crust during the mid- to late Cenozoic.
Others, (e.g. Amursski et al, 1968; Sorokhtin, 1979; Vardapetyan, 1981) consider the south
Caspian Basin to be pre-Hercynian in age and a remnant of the Early Mesozoic Tethys
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sea floor. Evidence cited in support of the latter hypothesis includes the great thickness of
sediment and low observed heat flow. Shikalibeily & Grigoriants (1980) suggest that the
south Caspian Basin is Jurassic and is overlain by Cretaceous volcanic rocks. Adamia et
al (1977) and Letouzey et al (1977) consider the south Caspian Basin as a remnant back-
arc basin resulting from spreading behind a Late Cretaceous - Paleogene volcanic arc.
Despite the uncertainty in the age, most authors agree that the high velocity ”oceanic-
like” basement extends eastward beneath the western Turkmenian lowlands and to the
western coastal region of the Azerbaijan-Caspian coast (Amursski et al, 1968). A more
detailed discussion of the tectonic history of the region surrounding the south Caspian
Basin can be found in Berberian (1983) and Zonenshain and Le Pichon (1986).

DETERMINATION OF EARTHQUAKE FOCAL PARAMETERS

We have used P-wave first motion polarities and P- and SH-waveforms to constrain
the source parameters of moderate size earthquakes occurring in the region surrounding
the south Caspian Basin. The earthquakes whose mechanisms we have studied plus those
whose mechanisms we have taken from Jackson & McKenzie (1984), the Harvard centroid
moment tensor (CMT) catalogue, or Gao & Wallace (1991), are listed in Table 2.

The P-wave first motions shown in Figure 7 are from WWSSN seismograms read by
the authors. In almost all cases these were read from the long-period vertical component.
In a few cases where the long-period vertical onset was too small or obscured by noise, we
read the firet motion from the short-period vertical component providing the onset was
clear, impulsive, and recognizable as the instrument impulse response. In all cases, we
used a P-wave velocity at the source of 6.8 kms™~! to plot the station positions on the focal
sphere.

The P- and SH-waveform data are from the WWSSN and Global Digital Seismic Net-
work (GDSN) stations in the distance range 30° - 95°. Our analysis followed the approach
described by McCaffrey & Nabelek (1987) and subsequently used in a number of other
studies (e.g., Molnar & Lyon-Caen 1989; Taymaz et al., 1990). Source parameters were
determined using McCaffrey & Abers’ (1988) version of Nabelek’s (1984) waveform in-
version procedure. This routine minimizes in a least squares sense, the misfit between
the observed shape and amplitude of the long-period P- and SH-waveforms and synthetic
waveforms. The synthetic seismograms are computed for a point source embedded in a
simplified Earth structure by combining the direct arrival (either P or S) with the near
source reflections (pP and sP, or sS) and near source multiples. The earthquakes were
assumed to be either embedded in a velocity structure which was a simplified version of
a published crustal velocity model for the same region, or embedded in a crustal velocity
structure of a tectonically analogous region if no published velocity model exist in the
region of the earthquake. Seismographs are assumed to be located on a homogeneous half
space. When available, we have taken the Harvard CMT solution reported in the Pre-
liminary Determination of Epicenters (PDE) as the starting point in the inversion; where
unavailable, we have used the first motion fault plane solution of Jackson & McKenzie
(1984). The time durations of the seismogram inversion windows were chosen to be long
enough to include the near source reflected phases pP, sP, or sS. We examined the wave-
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forms where we thought the PcP or ScS arrival might be within the inversion window.
If we thought these phases might be of significant amplitude, we truncated our inversion
window.

Synthetic waveform amplitudes are corrected for geometrical spreading, and anelastic
attenuation is accounted for by applying a Futterman (1962) Q operator with ¢t*, = 1 sec
and t*, = 4 sec. Uncertainties in ¢* mainly affect estimates of source duration and seismic
moment, but have smaller effects on source orientation or centroid depth (Fredrich et al,
1988). To avoid complications introduced by the upper mantle triplication or core phase
interference we restricted the body waveform inversion (with one exception discussed in
the Appendix) to P-waves in the 30° to 90° distance range and S-waves in the 35° to
84° distance range. In the inversion process, SH seismograms were given only 50% of the
weight of the P-wave seismograms, and all seismograms were azimuthally weighted; that
is, seismograms from stations clustered together in azimuth were given lower weight than
seismograms from isolated stations. We assumed that all slip occurs at the same point
in space, the centroid location, but is distributed in time, the source time function. This
is usually a good approximation for events less than about M, 6.5. However, in one case
complexities observed in the seismograms suggest the existence of a second source. The
source time function is described by a series of overlapping isosceles triangles (Nabelek,
1984). We initially selected the number and duration of the isosceles triangles using the
event magnitude as a guide. We then eliminated late occurring, small amplitude elements
of the source time function if we felt these were the result of noise. The inversion routine
minimizes the misfit between the observed and synthetic waveforms by varying the strike,
dip, slip, centroid depth, seismic moment, and source time function.

The ”best-fitting” set of source parameters is found by the inversion routine. However,
the statistical description of the inversion misfit underestimates the true uncertainties.
Similar to McCaffrey & Nabelek (1987), once we had obtained the minimum misfit solution,
we performed a series of tests to assess realistic uncertainties and examine tradeoffs between
the various factors. Our test procedure was to fix the source parameter being examined
at a series of values that bracket the "best-fitting” value, then reinvert the waveform data
to examine what effect variations in the fixed parameters had on the free parameters. In
summary, we found that reasonable variations in crustal velocity structure do not result
in significant changes in strike, dip and rake, but can affect centroid depth, moment, and
the source time function. Qur tests showed that the strike, dip, rake, and centroid depth
are relatively independent of each other: that is, when one parameter was held fixed at a
value within a few degrees or kilometers of its minimum misfit value and the waveforms
reinverted, the resulting values of the free parameters were close to their minimum misfit
values.

AN EXAMPLE OF WAVEFORM ANALYSIS: THE EARTHQUAKE OF 4 NOVEMBER
1978

The 4 November 1978 (1978.11.04) Siahbil earthquake belongs to a group of events
occurring in northwest Iran which we have studied, and whose mechanisms are consistent
with overthrusting of the south Caspian Basin by the Azerbaijan-Talesh block of northwest
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Iran. This event has been examined in several previous studies and provides a good example
of the waveform analysis conducted in this study. P-wave first motion polarities (Fig. 7)
constrain a 347° striking, high angle (79° ENE) plane. This does not conform to any
mapped faults in the area (Berberian, 1983) and is taken as the auxiliary plane. The
shallow dipping fault plane is poorly constrained by the first motion data. Berberian
(1983) studied P- waveforms of this event by forward modelling and concluded that the
earthquake occurred on a 168° striking fault dipping 9° WSW at a depth of 20 £+ 4 km.
One plane of the best fitting double couple to the Harvard CMT solution strikes 177°,
dips 9° WSW, has a rake of 87°, and has a centroid depth of 15 km. Figure 8 shows the
match between the observed seismograms and synthetic P and SH seismograms computed
for the minimum misfit solution. We used the Harvard CMT solution as the starting
point in the inversion procedure. The velocity structure used in obtaining these results
consisted of a 12 km thick layer (V, 5.60 kms™1, V, 3.24 kms™!, p 2600 kgm™3) overlying a
half-space (V, 6.80 kms™!, V, 3.93 kms™1, p 2900 kgm~3). The inversion routine requires
that the source be located in the half-space. The source parameters from our inversion
(given in the title of Figure 8 and in Table 3) are not significantly different from previously
determined solutions for this event. The inversion procedure is nonlinear and the result
may be dependent on the starting parameters. To verify that we had not found a local
minimum, we significantly displaced the starting solution from the Harvard solution and
reinverted the waveform data to verify that westill obtained a similar solution.

Having determined a minimum misfit solution, we performed a series of tests to estimate
the effect on the source parameters produced by variations in the source velocity structure
and to place bounds on the source parameters.

Source Region Velocity Structure: Since the crustal velocity structure in the south
Caspian region is poorly known, our approach was to use a simplified version of a published
crustal velocity models in the area of the earthquake if they exist, or the crustal velocity
models of an analogous tectonic region if no crustal velocity model in the vicinity of the
earthquake has previously been determined. We performed a number of tests for the
1978.11.04 earthquake to see how reasonable variations in source velocity structure affect
estimates of the source parameters and just how different the source velocity structure
could be before it significantly affected the inversion results. Figure 9 shows the results of
our tests. The velocity models tested are given in the figure caption.

The McCaffrey-Abers inversion routine allows for only a simplified source structure.
The first row in Figure 9 shows the minimum misfit solution from Figure 8. In our first test
(Row B), we altered the velocity structure in such a way so as to give the same delay time
between the direct phase and the surface reflection (the controlling factor in determining
the depth), as the delay determined for the crustal velocity structure we thought most
realistic (used in computing Row A). We then reinverted the whole data set. The synthetic
waveforms for the minimum misfit solution for this velocity structure are indistinguishable
from those in Row A. The focal parameters strike, dip, rake, and centroid depth are not
significantly different from the results in Row A and only the seismic moment is different.
We next made changes in the velocity structure which still would represent reasonable
crustal velocity structures (Row C - D) without attempting to preserve the delay time
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above the source. This again produced negligible changes in the synthetic waveforms from
those shown in Row A. Row E and F show minimum misfit synthetics for more radical
(and probably unrealistic) changes ir the crustal velocity structures. These do show more
significant changes but even in these cases, the source orientations have hardly changed
from those in Row A. We conclude from these tests that reasonable variations in crustal
velocity structure affect strike, dip, and rake less than other factors. Varying the source
velocity structure did have a significant effect on centroid depth and seismic moment. These
arise from variations in delay times between the direct and surface - reflected phases, and
from variations in the reflection coefficients.

Assessment of Source Parameter Uncertainties: Thorough discussions of the assignment
of uncertainties are given in McCaffrey & Nabelek (1987) and Molnar & Lyon-Caen (1989).
For each event we studied, we have made extensive tests to determine uncertainty bounds
on the centroid depth, and the strike, dip, and rake of the fault plane. These uncertainties
are listed in Table 3.

Figure 10 summarizes only the tests we have made to place bounds on the strike, dip,
rake and centroid depth of the 1978.11.04 event. The first row compares the observed
seismograms and those computed for the minimum misfit solution. The following four
rows compare the observed seismograms with those computed when one source parameter
is held fixed at the smallest displacement from the minimum misfit value which resulted
in a significant degradation of the synthetic fit. In making the full range of tests, we held
one parameter (e.g. centroid depth) fixed at a value different from the minimum misfit
value, and inverted for the remaining source parameters. We then successively increased
the difference between the fixed parameter we were testing and its minimum misfit value
until a significant difference was apparent between the observed seismograms and the
synthetics computed for the particular combination of source parameters. Based on a
range of tests of these parameters which are summarized in Figure 10, we estimate that
for the 1978.11.04 earthquake the bounds on the centroid depth are + 5 km, strike +15°,
dip +4°, and rake +20°. For low-angle faulting events such as the 1978.11.04 earthquake
the rake is not tightly constrained. The bounds on focal parameters shown in Table 3 are
of similar magnitude to those noted in comparable studies in other regions (e.g. Molnar
& Lyon-Caen, 1989; Taymaz et al., 1990).

THE EARTHQUAKE OF 6 MARCH 1986

We now discuss the earthquake of 1986.03.06 in some detail for two reasons: it was
the first moderately large earthquake to have occurred in the central Caspian seismic zone
since the installation of the WWSSN, and it was the only event we studied whose seismo-
grams suggested to us the possibility of a complex multiple rupture involving sub-events
of different mechanisms. The S-wave spectrum from seismograms recorded at Askhabad
(Golensky et al., 1989) and the coda spectrum (Rautian - personal communication) are
complex, showing a constant low frequency level, a low frequency corner at 0.08 Hz above
which there is a high frequency decay of w™! to a second high frequency corner at 1.0 Hz
above which the spectrum decays as w™2?. Smith et al (1991) attribute such a spectral
shape to source complexity with the low frequency corner corresponding to the overall
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source dimension and the high frequency corner related in some fashion to the size of the
subevents. The P-wave first motion polarities (Fig. 7) tightly constrain a near vertical
nodal plane, striking 300°. Our single source minimum misfit inversion solution is shown in
Figure 11a. This solution is very similar to the best fitting double couple solution from the
Harvard CMT catalogue. The agreement between the observed and synthetic seismograms
is good at most stations. However, waveforms of stations lying on the focal sphere near
the P-wave nodal plane (e.g. SHL, KOD, PTO, STU) show a weak initial P-wave arrival
in keeping with the nodal position, but also show a large second pulse, shaped like an
inverted " W”, that follows the first motion by about 20 seconds. The single source shown
in Figure 11a cannot reproduce the late pulse observed at these stations since the direct P
and pP are both nodal, and hence of small amplitude, and sP leaves the focal sphere close
to the node in the S radiation pattern.

With our poor knowledge of the undoubtedly complex crustal velocity structure in the
vicinity of the Apshceron-Balkhan sill, it is impossible to adequately assess the contribution
to seismogram complexity resulting from three-dimensional velocity structure. However,
what appears to be missing from the P-waveforms of the near nodal seismograms is an
inverted "W” P-wave arrival reminiscent of shallow depth, reverse faulting earthquakes
(e.g., Jackson & Fitch, 1981). This suggests to us that the 6 March 1986 earthquake
may have been a multiple event. Source complexity is also suggested by the shape of the
source spectrum at regional stations in the U.S.S.R. (Golensky et al., 1989; Ratuian -
personal communication). We therefore reinverted the P- and SH-waveforms, allowing for
the existence of a second, delayed, reverse-faulting event. The starting source model for the
second waveform inversion consisted of an initial event with the source mechanism shown
in Figure 11a, followed 10 seconds later by a second reverse faulting event. The starting
source orientation for the second reverse faulting event was guided by our interpretation
of the observed waveforms. The reversed mechanism must be constrained to produce the
observed P-waveforms at nodal stations such as SHL, KOD, PTO and STU, but not disturb
the observed P-waveforms at African stations such as SLR and WIN, nor disturb the nodal
character of the SH-waveforms at these stations. A 45° reverse faulting event with a strike
near 300°, similar to the strike of the initial event, conforms to these requirements. We
reinverted the waveform data, first constraining the mechanisms of the first event and
solving for the fault plane parameters, centroid depth, source time function, and origin
time offset of the second event. To produce the final solution shown in Figure 11b, we
inverted the waveform data with all parameters of both events free. Synthetic waveforms
for this double event solution fit observed waveforms at all azimuths equally well. The
nodal character of SH-waves observed at African stations is preserved and provides the
main constraints on the strike of the second event.

To assure ourselves that the initial conditions we assumed in constructing the second
source were not overly restrictive and biasing our result, we reinverted the waveform data
with both events having a starting solution similar to the normal faulting mechanism shown
in Figure 11a, but the second source delayed by 10 seconds. The mechanism for the first
event changed little, and the solution of the second event changed from having a normal
to reverse mechanism. We reinverted the data with other starting depths for the second

22




event and again the final result was very near the solution shown in Figure 11b.

Figure 12 compares results for the single and double source solution and individual
waveforms for the elements of the double source. The upper row compares the observed
seismograms with those computed for the single source, minimum misfit solution. Stations
SHL, KOD, PTO, and STU lie on the focal sphere near the P-wave node for the single
source; station WIN lies near an SH node. The single source synthetics poorly match the
observed seismograms at the four P-wave nodal stations, as discussed above. The P-wave
seismogram recorded at SLR is reasonably well fit by tke synthetic, with the exception
of the large back swing. The SH nodal character observed in the WIN seismogram is
preserved and the SH waveform observed at KOD is reasonably well fit with the exception
of the large back swing which is larger in the synthetic than in the observed seismogram.

The second row of seismograms compares observed wavef>rms at the same stations with
synthetic seismograms computed for the double source solution. The fit at WIN is similar
to that for the single source, and fits for all other stations are significantly improved. Rows
3 and 4 show the contributions to the seismograms of the iudividual components of the
double source. Both events have similar seismic moments. We performed a series of tests
as described above, to estimate bounds on the centroid depth, strike, dip, and rake of the
second event on the synthetic and compare these with the observed seismogram. From this
comparison we estimate that the centroid depth, strike, dip, and rake of the second event
are resolved to =4 km, +15°, +£5°, and +8°, respectively. Note that the seismic moment
of this second source is almost as great as that of the first source. The combined seismic
moment of the two subevents is 5.1X10'7 Nm compared to 6.4X10'" Nm for the Harvard
CMT solution.

It is difficult to assess whether the three dimensional velocity structure in the source
region of the 1986.03.06 earthquake could produce the seismogram complexity that we
attribute to a later sub-event. Two other moderate-sized earthquakes occurred in the cen-
tral Caspian Sea on 16 and 17 September 1989 (1989.09.16, 1989.09.17) and our waveform
inversion results for these two events are shown in Figures A13 and A14. P-waveforms of
1986.03.06, 1989.09.16, and 1989.09.17 at common stations are compared in Figure 13. As
a result of the decline in performance of the WWSSN, data for the 1989 events are less
«mplete than for 1986.03.06. The minimum misfit solution for both of the 1989 events
have a normal faulting mechanism similar to the single source minimum misfit solution
for 1986.03.06. However, WWSSN seismograms recorded to the northwest (e.g., PTO,
VAL, NUR, WES), while not showing the same initial nodal character as seismograms
recorded at similar azimuths for the 6 March 1986 event, do show some evidence for a
similar later pulse in theP-wave train (Figs. A13, A14). Although the GDSN instrument
response tends to blur details . the source time function and WWSSN data are scarce
for the 1989 events, we inverted seismograms for the 1989.09.16 earthquake allowing the
possibility of a second source. This resulted in a mechanism where the first source was
similar to that in Figure A13, and a second source whose seismic moment was less than
10% that of the initial source. Three double earthquakes with similar time delays and
mechanisms for the second events are somewhat suspect, and this may imply that the
secondary arrivals result from crustal velocity structure complexities in the source region.
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However in a plane layered structure there is no direct P or SH arrival for the European
and Indian stations showing the second pulse. It would therefore be necessary for the late
pulse to be the result of bent raypaths, that is rays refracted after leaving the focal sphere
at different take off angles. On the other hand, there is another, smaller earthquake in
this central Caspian belt (1987.12.19) with a Harvard CMT solution having almost the
same reverse faulting mechanism as we postulate for the second sub-event of 1986.03.06.
The earthquake of 1987.12.19 was too small for us to be able to confirm the Harvard CMT
solution using long period P and SH waveforms. Although we prefer the double source
explanation for the P-wave complexities discussed above for 1986.03.06, we are not able
to rule out the possibility that complexities in the observed wavefoims are the result of
source region velocity structure.

TECTONICS OF THE SOUTH CASPIAN BASIN

The minimum misfit solutions for the other fourteen events we studied are presented in
Appendix A. Their orientations are consistent to within a few degrees with the first motion
polarity data. The few inconsistent first motion polarities are discussed in Appendix A.
Figure 14a shows the fault plane solutions for these events (Table 3). Figure 14b shows fault
plane solutions for other events which we have not analyzed: either first motion solutions
of Jackson & McKenzie (1984) which occurred prior to establishment of the WWSSN
(1957.07.02) or which produced insufficient long-period waveforms for us to analyze using
the procedure outlined above, Harvard CMT solutions that were too small for us to study
their P and SH waveforms, or the 20 June 1990 event (Gao & Wallace, 1991). With some
exceptions, the patterns of focal mechanisms shown in Figures 14a and 14b are generally
similar, giving us some confidence in the solutions we were unable to confirm by waveform
inversion. In our discussion of the tectonics, we will rely primarily on the sixteen events
we have studied (Fig. 14a) and the mechanism of the 20 June 1990 event (Gao & Wallace,
1991) (large symbol, Fig. 14b}, but we will make cautious use of the first motion and CMT
solutions of the smaller events.

Slip Vectors: Figure 15 shows the horizontal projection of the slip vectors for the events in
Figure 14. Choosing the slip vector required us to identify one of the two nodal planes in
each fault plane solution as the fault plane. Both the Buyin Zara earthquake (1962.09.01)
(Appendix A) and the Rudbar-Tarom earthquake (1990.06.20) (Berberian et al, 1991)
were accompanied by surface faulting, and the choice of the fault plane is straightforward
(Ambraseys, 1963; Berberian et al, 1991). No surface faulting was recognized for the
Karnaveh earthquake (1970.07.30). However, relaiive relocations of the aftershocks of
this event defined an elongated pattern trending north-northeast (Jackson & Fitch, 1979),
approximately parallel to the strike of one of the nodal planes (Figure A2) and also parallel
to a nodal plane of a large aftershock with a similar mechanism to that of the main shock.
The aftershock pattern suggests that the Karnaveh earthquake occurred on a northeast-
trending fault with predominantly left-lateral strike-slip motion.

Other earthquakes such as the 1957.07.02, 1969.01.03, and 1983.07.22 events are almost
pure thrust and hence the choice of the slip vector orientation is not very sensitive to the
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choice of the fault plane. For the 1969.01.03 and 1983.07.22 events we chose the planes
dipping northeast to be consistent with the local topography; however, in both cases
choosing the other plane would change the orientation of the slip vector by less than
10°. The other events studied all have one nodal plane that, if chosen as the fault plane,
implies a slip vector similar to that of an adjacent earthquake whose slip vector ambiguity
is resolved. This determined our choice of slip vectors for those events.

In the case of strike-slip events, this reasoning is dangerous. The 1990.06.20 event,
which produced surface faulting, had a slip vector almost perpendicular to that of a
nearby reverse faulting earthquake (1983.07.22) (See Berberian et al, 1991; Gao & Wallace,
1991). Three other strike-slip events occurred near thrust faulting earthquakes (1983.03.26,
1984.02.22, and 1990.01.20). For all of these we mark both possible slip vectors on Figure
15. The convention we have used in Figure 15 is to show the motion of the S or E side
relative to the N or W side.

The inset in Figure 15 shows the orientation of the tension axes of the five normal
faulting events in the central Caspian. All of these events have a shallow dipping, NNE
striking tension axis.

Talesh Mountains: It is clear from the earthquake mechanisms we have studied that the
Talesh and NW Alborz mountains overthrust the south Caspian Basin as suggested by
Berberian (1983) and Jackson & McKenzie (1984). The slip vectors on the shore of the
Talesh Mountains show the motion of the Caspian Sea westward beneath the Azerbaijan-
Talesh block, which moves east relative to both Iran and the Arabian-Eurasia collision
zone in eastern Turkey. This motion of the Azerbaijan-Talesh block may be accommodated
inland by conjugate strike-slip faulting. The focal mechanism of the 1976.02.03 earthquake
(Fig. 14b) is consistent with left lateral faulting on a NNE plane, parallel to a prominent
NNE lineament followed by the Araxes River. Berberian & Arshadi (1976), Tchalenko
(1977), and Ambraseys & Melville (1982) have studied faulting associated with two large
northwest Iranian earthquakes which occurred in 1721 and 1786 (Fig. 6b). All agree that
the southwest side of the fault was down-dropped, but disagree as to whether there was
a significant right-lateral strike-slip component. Stream diversions are visible on aerial
photographs (Tchalenko, 1977) suggesting right lateral offset but these have not been
verified on the ground. The combination of left lateral faulting following the Araxes
lineament along the Iran-USSR border, probable right lateral faulting extending southeast
from the North Anatolian fault system, and low angle thrusting along the Talesh Mountains
support Jackson & McKenzie’s (1984) suggestion of the easterly expulsion of northwest
Iran away from the collision zone in the Caucasus and the overthrusting of the south
Caspian Basin. This motion is probably responsible for the N-S trending folds seen in the
sedimentary cover offshore, east of the Talesh Mountains (Fig. 6a), and is presumably
favored by the "oceanic-like” crust of the south Caspian Basin.

Alborz Mountains: The Rudbar-Tarom earthquake (1990.06.20) was by far the largest

earthquake to occur in northern Iran this century. Berberian et al (1991) report at least
80 km of surface faulting along three discontinuous fault segments. These are arranged
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in a right-stepping en-echelon pattern, and are separated by gaps in the observed surface
rupture. The three segments range in strike from 95° to 120° and have oblique, left-lateral
and reverse motion on faults that are sub-vertical or have steep dips to the S or SSW. The
maximum surface displacements were 60 cm horizontal (left-lateral) and 95 cm vertical with
the south side up. The moment tensor solution (Gao & Wallace, 1991) for the main shock
suggests a complex rupture consisting of at least three sub-events, and had a significant
non-double couple component. However, no change in fault geometry or slip direction
during the main rupture could be resolved. The best fitting double couple (Table 4) has a
strike 292°, dip 88°, and rake —9° which are consistent with the mapped faults. Berberian
et al (1991) also reported mechanisms for two aftershocks. The largest (1990.06.21) had a
focal mechanism involving thrusting (strike 26°, dip 69°, rake 87°) with a centroid depth
of 17 km and a moment of 5.7X10'" Nm (M 5.8) similar to those in the adjacent Talesh
Mountains. A second large aftershock (1990.06.24) had a mechanism similar to that of the
main shock (strike 235°, dip 70°, rake ~164°), a significantly shallower centroid depth (8
km), and a moment of 2.2X10'7 Nm (Mw5.5).

The 1990.06.20 earthquake occurred close to an earthquake that involved high-angle
reverse faulting (1983.07.22). The slip vector of the 1990.06.20 main shock is in the wrong
sense (left-lateral) to represent the relative motion between the Talesh-Azerbaijan block
and Iran. We think it probable that the deformation in this part of the NW Alborz
Mountains involves oblique, left-lateral shortening that is partitioned into pure left-lateral
strike-slip (i.e. 1990.06.20) and pure thrusting (i.e. 1983.07.22) in almost the same region.
Such an interpretation is consistent with the almost perpendicular slip vectors for the
1990.06.20 and 1983.07.22 earthquakes, and with those slip vectors being approximately
parallel and perpendicular, respectively, to the regional topography and fold axes (see
also Berberian et al, 1991). Jackson & McKenzie (1984) suggested that the more easterly
oriented slip vectors observed further south (e.g. the slip vector of 42° in 1962.09.01)
represent the direction of regional convergence between Iran and South Caspian. As a
consequence, there should be a component of left-lateral slip in the Alborz Mountains. In
the high Alborz Mountains, it appears that this oblique regional convergence is partitioned
into strike-slip (1990.06.20) and reverse faulting (1983.07.22) whereas it remains as oblique
slip in the lower elevations to the south in north-central Iran. The component of left-lateral
slip in the Alborz Mountains is small, which may account for the apparent infrequency of
strike-slip faulting earthquakes in the range.

The confirmed existence of adjacent strike-slip and thrust mechanisms with nearly
perpendicular slip vectors in the NW Alborz Mountains makes us unsure of the actual
slip vector for the strike slip events near thrust events elsewhere in the Alborz Mountains,
which is why we include both possible slip vectors for 1983.03.26 and 1990.01.20. If the
EW nodal planes were the fault planes in these earthquakes, their slip vectors are similar
and in the same sense as for the 1990 Rudbar-Tarom earthquake. In this case, these events
too are evidence for partitioning of strike-slip and thrust motion in the Alborz. South of
the high Alborz Mountains, in the Central Iranian Plateau, the motion is apparently not
partitioned and occurs as faults with oblique slip (e.g. 1962.09.01, 1980.12.19, 1980.12.22).

Most slip vectors in the Alborz are directed NE (Fig. 15) consistent with convergence
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between central Iran and the south Caspian Basin. Apart from the strike slip events,
which we have discussed above, the only exception is a small (Mw5.1) normal faulting
event (1988.08.23) for which only a Harvard CMT solution is available (Fig. 14b). We
are uncertain how to assess this event and cannot evaluate the reliability of the solution.
There are no other normal fault solutions like it in the Alborz (The 1970.07.30 Karnaveh
earthquake, although it had a normal component, had a slip vector consistent with the
NE motion between Iran and the south Caspian Basin). Below a certain threshold in
magnitude it is quite common for small events to have a greater variety of mechanisms
than the larger events (e.g. Lyon - Caen et al, 1988). Taymaz et al (1991) report a well-
constrained reverse-faulting event of My 5.5 in a region of NW Turkey that is dominated
by normal faulting. With only one anomalous event (that is probably not well constrained)
in the Alborz, we cannot assess its significance further. The component of normal faulting
seen in 1970.7.30 suggests that the low elevations and thick sediments in the Turkmenian
Lowlands, (Fig. 6a) may be partly related to extension-indi -»d subsidence.

The Kopet Dag Mountains: The Kopet Dag has an abrupt northeast topographic front
(Fig. 6a) that was associated with a large earthquake in 1948 near the city of Askhabad.
Field and teleseismic data for this earthquake are ambiguous (Rustanovich & Shirakova,
1964; Tchalenko, 1975; and Jackson & McKenzie, 1984), but several authors associate
the linearity of the abrupt topographic scarp with right-lateral strike-slip motion, whereas
elsewhere in the Kopet Dag there is certainly thrust faulting with northeast directed slip
vectors. One other event (1984.02.22, Figure 14a) further NW is consistent with right lat-
eral strike-slip on this trend. The Kopet Dag may thus be another example of partitioning
of strike-slip and thrust motion that are postulated to occur in the Alborz Mountains.

Central Caspian Seismic Belt: In the belt of seismicity which extends across the central
Caspian Sea following the Apshceron - Balkan sill, normal faulting mechanisms with an
ESE strike and focal depths of 30-50 km dominate. It is improbable that the normal
faulting events represent the motion between the southern Caspian and Eurasia. If the
steep nodal planes were the fault planes, then the sense of motion, north side down, is the
reverse of that seen in the bathymetry, i.e., deep water and thick sediments to the south; if
the nodal planes dipping gently south were the fault planes, some expression of extension
might be expected at the surface. Yet seismic reflection surveys report folding of the surface
sediments (Zonenshain & Le Pichon, 1986), suggesting shortening. This is compatible with
the high angle reverse faulting mechanism that we postulate for a possible second sub-event
of the 1986.03.06 earthquake at a shallower depth than the normal faulting earthquakes.
The CMT solution for the 1987.12.19 earthquake (Fig. 14b) shows reverse faulting with a
NW-SE strike, and supports this interpretation. However, it was a small (Mw4.9) event,
and in the light of the anomalous small event (1988.08.23) in the Alborz Mountains (Fig.
14b), we do not place much confidence in it.

We suspect that shortening occurs as the continental crust of the northern Caspian is
thrust over the "oceanic” crust of the southern Caspian Basin, and that the normal faulting
events occur in the deep (possible mantle) basement of the material being overthrust. It
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is possible that a subducting mantle slab with very low seismicity dips north beneath the
Apshceron-Balkhan sill, accounting for the north-dipping T axes of the normal faulting
solutions. Another possibility is that the normal faulting is the result of plate bending
exceeding the elastic strain limit as the north side of the Caspian Sea is thrust over the
south Caspian Basin. This would be analogous to the normal faulting seaward of the
oceanic trench and is a possible cause of the normal faulting beneath the Ganges Basin
south of the Himalayas thrust front (Lyon-Caen & Molnar, 1985). The low level of seismic
shortening across the central Caspian suggests that most of the Iran-Eurasia shortening is
accommodated in the much more active Alborz thrust belt. The seismicity of the trans-
Caspian belt continues northwest into the Caucasus and southeast into the Kopet Dag.
Reverse faulting and thrusting on ESE striking planes are dominant in both of these areas.

DISCUSSION

The two most important new results that our study demonstrates are the partitioning of
thrust and strike slip motion in the Alborz, and the existence of a belt of normal faulting
earthquakes across the central Caspian Sea. Both have important implications for the
tectonics of the region.

The partitioning of oblique shortening into pure thrust and pure strike-slip motion is
not particularly rare, though there is some debate as to why it occurs (e.g. McKenzie
& Jackson 1983, Zoback et al., 1987, Mount & Suppe 1987, Molnar 1991). McKenzie &
Jackson (1983) point out that, if fault-bounded blocks move in response to forces imposed
on their bases by continuous flow in the mantle lithosphere beneath the seismogenic upper
crust, then oblique slip on faults oriented obliquely to the strike of the deforming zone
cannot accommodate large finite deformation because they rotate about a vertical axis as
they move. One way in which the faults can take up large finite strains is if the motion
on them is partitioned inw. pure shortening and pure strike slip. A clue to this process
may lie in the observation that the motion is partitioned in the high Alborz, where strains
are obviously large, but not in the lower elevations of north-central Iran, where strains
are presumably smaller. The faults may have become organized into a stable geometry as
the strain increased. This may explain why partitioning is common in other places where
strains are large, such as in California (e.g. Mount & Suppe, 1987), the NW Zagros and
NE Kooet Dag Mountains of Iran (Tchalenko & Braud, 1974; Tchalenko, 1975; Jackson &
McKenzie , 1984) and in island arcs (e.g. Fitch, 1972), but oblique slip is by no means rare
in places where total strain is probably relatively small, such as in the lower elevations of
central Iran (Jackson & McKenzie, 1984). If partitioning really does occur because it is
the favored way for crustal rocks to accommodate large-scale and large magnitude oblique
motion, then knowledge of the orientations of stress in the upper crust adjacent to such
faults will provide little insight into the dynamics of the deformation, as pointed out by
Molnar (1991).

The significance of the normal faulting earthquakes in the belt across the central
Caspian Sea is enigmatic. For reasons expressed above we do not believe that they rep-
resent a southward motion of the Caspian Sea relative to Eurasia. Shortening at depths
shallower than the normal faulting is implied by the orientation of folds in the sediment,
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a possible (but ambiguous) second sub-event of the 1983.03.06 earthquake that involved
reverse faulting, and a CMT solution for a small (and probably not well-constrained) earth-
quake that involved thrusting on 1987.12.19 (Fig 14b). We suspect that this shortening
does indeed represent a NNE motion of the south Caspian basin relative to Eurasia, but
that the motion is slow and has not produced many earthquakes. In this respect the con-
vergence may be similar to that in the Makran of SE Iran (Jackson & McKenzie, 1984)
and along the Washington - Oregon coast of the NW United States (Heaton & Kanamori,
1984), both of which have rather low levels of seismicity, but may be capable of generating
infrequent large earthquakes. Our preferred interpretation of the normal faulting events is
that they are related to either bending or shallow down-dip extension of a slab of mantle
lithosphere attached to and beneath the Caspian Sea, as it is overthrust by Eurasia, but
this interpretation cannot be regarded as conclusive. If the motion of the Caspian Sea
relative to Eurasia is indeed slow, then the motion in the Alborz between central Iran and
the south Caspian Basin will be almost the same as that between Iran and Eurasia, as was
assumed by Jackson & McKenzie (1984) in their analysis of the tectonics of Iran.

We conclude that the active tectonics implied by the observed faulting in the Talesh,
Alborz and central Caspian Sea will lead to the eventual destruction of the south Caspian
Basin and perhaps the formation of an intermediate depth, dipping seismic zone in the
continental interior, similar to that presently observed in the Hindu Kush.
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Table 2 : Earthquake Hypocentral Data

Date Origin  Latitude Longitude Depth(km) Number of

d m y Time (°N) (°E) P pP m, Ms Source* Stations
2 7 1957 00:42:23 36.14 52.7° 10 6.8 ISS

1 9 1962 19:20:40 35.63 49.87 27 7.2 ISS

3 1 1969 03:16:37 37.10 57.83 4 5.4 ISC 163
30 7 1970 00:52:20 37.85 55.94 22 5.7 ISC 306
14 2 1971 16:27:32 36.62 55.74 4 5.3 ISC 236
3 2 1976 16:40:41 39.93 48.41 67 5.2 ISC 226
25 5 1977 11:01:47 34.91 52.06 39 4] 5.3 ISC 258
4 11 1978 15:22:19 37.71 48.95 37 36 6.0 6.1 ISC 418
1 10 1979 07:37:01 40.07 51.87 42 47 50 4.4 ISC 150
9 12 1979 09:12:04 35.14 56.87 23 5.2 5.5 1SC 248
4 5 1980 18:35:19 38.09 49.07 36 36 53 6.1 ISC 323
22 7 1980 05:17:08 37.36 50.35 37 36 5.3 5.1 ISC 238
3 12 1980 04:26:15 37.17 50.47 44 22 5.1 4.7 ISC 233
19 12 1980 01:16:56 34.50 50.67 29 43 55 5.8 ISC 354
22 12 1980 12:51:21 34.49 50.67 39 18 54 5.2 ISC 299
4 8 1981 18:35:43 38.21 49.41 40 29 54 5.2 ISC 358
19 11 1981 14:10:37 40.78 49.26 42 42 5.1 4.2 ISC 236
26 3 1983 04:07:19 36.06 52.28 33 25 54 49 ISC 261
22 7 1983 02:41:01 36.98 49.23 43 33 56 5.0 ISC 299
22 2 1984 05:44:37 39.52 54.11 0 5.1 5.8 ISC 296
29 10 1985 13:13:40 36.75 54.81 13 8 6.0 6.0 ISC 518
6 3 1986 00:05:37 40.37 51.60 28 63 6.1 6.2 ISC 614
11 6 1986 20:15:41 40.28 51.71 41 49 52 4.6 ISC 305
10 4 1987 06:43:20 37.21 57.70 6 35 5.0 ISC 226
7 9 1987 11:32:27 39.37 54.76 39 5.5 5.5 ISC 442
19 12 1987 08:27:36 40.72 52.05 80 67 4.9 ISC 198
23 8 1988 05:30:51 35.42 52.28 35 25 5.0 4.8 ISC 249
16 9 1989 02:05:09 40.34 51.53 55 64 6.5 PDE 563
17 9 1989 00:53:40 40.20 51.75 51 6.1 6.1 PDE 533
20 1 1990 01:27:10 35.83 52.95 25 55 59 PDE 348
20 6 1990 21:00:10 36.96 49.41 19 64 7.7 PDE 352

'ISS International Seismological Summaries ( - 1963)
SC International Seismological Center (1964 - 1988)

SDR Earthquake Data Reports (1989 - 1990)

’DE Preliminary Determination of Epicenters (1990 - )
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Table 3 : Source Mechanism Data

Date Depth Mo Slip* Phases
d m y (km) x10'" Nm My  Strike Dip Rake Vector P SH
1 9 1962 1014 367.8 70 101°+10° 52°+3° 70°+15° 42° 10 4
3 1 1969 74 1.9 55 132°+15° 50°+5° 95° + 8° 33° 6 4
30 7 1970 114 42.9 6.3 293°+20° 56°+5° 210°+%10° 23° 23 16
14 2 1971 1115 40 5.7 336° 39° 93° 62° 9
4 11 1978 2115 19.0 6.1 346°+15° 79°+4° 95°+20° 77° 22 16
4 5 1980 15145 40.2 6.3 181°+10° 84°+10° 267° % 15° 91° 21 17
19 12 1980 1418 14.0 6.0 115°+20° 41°+8° 120°+15° 25° 10 11
22 12 1980 1545 2.8 5.6 113°+20° 56°+8° 125°+15° 23° 4 8
4 8 1981 2048 2.4 56 154°+15° 35°+15° 32°+20° 64° 15 10
22 7 1983 1018 1.9 56 120°+20° 35°+8° 83°+15° 30° 10 7
22 2 1984 27t4 5.1 5.7 106° +20° 60°+10° 174° £ 20° 16° 7 21
29 10 1985 1345 21.8 6.2 246° +15° 66°+10° T71°+10° 16° 31 14
6 3 1986a 31 25.2 6.2 209°+15° 88°+5° 275°+8° 29° 35 15
6 3 1986b 1314 21.8 6.2 114°+15° 63°+5° 877 & 8° 23° 35 15
7 9 1987 3048 2.3 5.5 305°+10° 10°+10° 103° % 20° 22° 14 12
16 9 1989 31+10 68.4 6.5 80°+15° 26°x5° 225°+15° 38° 22 14
17 9 1989 35+10 21.7 6.2 277°+15° 50°+15° 249°+15° 38° 21 20

*Slip vector direction is for S or E side of fault relative to N or W side
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Table 4 : Source Mechanisms From Other Studies.

Date M, Fault Plane Slip  Sourcex
d m 'y Depth(km)! x10” Nm M, Strike Dip Rake Vector

2 7 1957 256° 44° 259°  30° M72
3 2 1976 208° 72° 184°  28°  JM84
25 5 1977 112°  60° 112° 22°  JMs84
1 10 1979 35(F) 0.4 50 304° 20° -63° 214° HVD

12 1979 15(F) 2.8 56 350° 44° 121° 40° HVD
22 7 1980 30 2.6 55 310° 70° 88  40° HVD
3 12 1980 16(F) 1.2 53 281° 57° 47° 11° HVD
19 11 1981 33(F) 0.6 51 131° 73° 23 41° HVD
26 3 1983 10(F) 1.2 53 104° 61° 17° 14/96° HVD
11 6 1986 50 0.8 52 201° 43° -123° 201° HVD
10 4 1987 15 0.5 51 292° 45° 30° 22°  HVD
19 12 1987 33(F) 0.3 49 322° 36° 110° 28°  HVD
23 8 1988 15(F) 0.6 5.1 348° 32° -41° 204° HVD
20 1 1990 33(F) 100 59 357° 66° 172° 0/87° HVD
20 6 1990 14 880.0 7.2 202° 88° -4° 112 GWol

(F) denotes fixed depth for moment sensor solution

M72 first motion fault plane solution from McKenzie (1972)

M84 first motion fault plane solution from Jackson and McKenzie(1984)
(VD Harvard Centroid Moment Tensor Catalogue

‘W91 Moment tensor solution from Gao and Wallace (1991)
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FIGURE CAPTIONS

Figure 5, Distribution of epicenters for earthquakes greater than magnitude 4 occurring in
the region surrounding the Caspian Sea during the period 1962-1988. Epicenters are taken
from the NEIS catalogue.

Figure 6. Map of the Caspian Sea region a) showing the 1,000, 2,000 and 3,000 m topo-
graphic contours, region of ”oceanic-like” ciust, contours of sediment thickness, and fold
axes in sedimentary cover; b) showing region of ”oceanic-like” crust, major fault systems,
and seismicity (M > 4) for the period 1962-1988. Geologic features and location of the
"oceanic-like” crust are adapted from Shikalibeily & Grigoriants (1981), Berberian (1983)
and Jackson & McKenzie (1984).

Figure 7. Lower hemisphere equal area projections of P-wave first motion polarity data.
Station positions have been plotted with a velocity of 6.8 kms~! beneath the source, the
same as used in the waveform inversions. Filled circles are compressional first motions;
open circles are dilational; nodal onsets are marked with crosses. Large symbols are
polarities read on long-period WWSSN instruments, small symbols are polarities based
on clear short-period seismograms whose onset displays the short-period impulse response
(see Jackson & McKenzie, 1984). P- and T- axes are denoted by the letters P and T. Nodal
planes are those of the minimum misfit waveform inversion solutions. Above each focal
sphere is the event’s date (year, month, day). Comments on individual first motion polarity
plots accompany the discussion of each event in the appendix, except for 1978.11.04 and
1986.03.06 which are discussed in the main body of the text.

Figure 8. The P and SH radiation patterns of the minimum misfit solution for the 4
November 1978 (1978.11.04) earthquake are shown in the center of the upper and lower
portions of this figure, respectively, and the corresponding values of strike, dip, slip (in
degrees), centroid depth (in km), and seismic moment (in units of 10'"®Nm) are listed
beneath the event header. The foca! spheres are shown with the P and SH nodal planes, in
lower hemisphere projections. The P and T axes are marked by the solid and open circles,
respectively. Surrounding the focal sphere, the observed P and SH waveforms (solid lines)
are compared with synthetic waveforms (dashed lines) computed for the minimum misfit
solution. For the waveform comparison, amplitudes have been normalized to that of an
instrument with a gain of 3000 at an epicentral distance of 40°. The time windows for the
waveform inversion are denoted by the solid, vertical lines on the waveform. The label to
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the left of each waveform identifies the station code, an upper case letter corresponding
to the location »n the focal sphere, and a lower case letter denoting the instrument type
(w = WWSSN LP, d = GDSN LP). The source time function is shown below the P-wave
focal sphere. Below the source time function is the waveform time scale. The waveform

amplitude scales are to the left of the focal spheres.

Figure 9. This shows the results of the source region velocity structure test for the 4
November 1978 event. To the left of the waveforms are the P and SH focal spheres and
source time function corresponding to the minimum misfit olutions for the particular test.
The str.ke, dip, rake, and centroid depth are listed above the focal spheres. The upper
row (A) of the observed (solid line) - synthetic (dashed line) comparison is for the velocitv
structure used in determining the minimum misfit solution shown in Figure 8. Rows (B -
D) shows waveforms for minimum misfit solutions obtained for velocity structures B - D
below; all of which might represent reasonable crustal velocity models. These synthetic
waveforms are indistinguishable from those in Row A and the source orientations have
hardly changed. Rows E - F compare minimum misfit synthetics for more radical changes
in the source velocity structure, neither of which is probably reasonable for the Caspian
region. Row F is for a mantle source, but the centroid dcpth resulting from the inversion
is at the base of the crust. We conclude from these tests that the focal parameters strike,

dip, and rake are insensitive to reasonable variations in the velocity structure.

Velocity Depth To Ve A density
Structure Interface (km) (kms™!) (kms™!) kgm-3
A 0.0 5.6 3.2 2600
12.0 6.8 3.9 2900
B 0.0 6.2 3.6 2700
13.2 6.8 3.9 2900
C 0.0 6.2 3.6 2700
18.0 6.8 39 2900
D 0.0 6.5 3.8 2800
E 0.0 5.6 3.2 2500
F 0.0 6.2 3.6 2700
25.0 8.1 4.7 3300
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Figure 10. This figure summarizes the tests we have made to assess the uncertainties for
the strike, dip, rake, and centroid depth for the 4 November 1978 earthquake. The format
for this figure is the same as for Figure 9. Row A compares selected waveforms for the
minimum misfit solution shown in Figure 8. Row B shows the comparison for the minimum
misfit solution obtained when the depth is held fixed at 13 km but all other parameters
are free. Rows C, D, and E show the similar comparison except when the strike, dip, and
rake, respectively, are held fixed av the values shown after the source time function. The

rake for this event is poorly constrained.

Figure 11. The minimum misfit solution for the 6 March 1986 earthquake in the central
Caspian Sea. The figure format is the same as that for Figure 8. a) single source solution;
b) double source solution.

Figure 12. This figure compares observed waveforms and synthetic waveforms computed
for various inversion solutions for the 1986.03.06 earthquake. The figure format is the same
as for Figure 9. Row A compares waveforms for the single source inversion solution; row
B compares waveforms for the double source inversion solution. Note the improvement in
the fits for the four nodal P-wave seismograms (SHL, KOD, PTO, STU). Rows C and D
show the contribution of the two individual sources of the double source solution.

Figure 13. Comparison of waveforms at same common seismograph stations for the three
largest central Caspian Sea earthquakes (1986.03.06, 1989.09.16, 1989.09.17). Dotted lines
denote the synthetic seismograms computed for these from the minimum misfit solutions
shown in Figures 11b, A13, A14 and given in Table 3. The amplitude scale (d-GDSN,
w-W WSSN] is to the left of each row and all seismograms have a common time scale. All
ststions are WWSSN except GDH which is a GDSN station.

Figure 14. Minimum misfit fault plane solutions of the earthquakes analyzed in this paper
(Table 3) (a), and fault plane solutions for other earthquakes that we did not study (Table
4), from Jackson & McKenzie (1984), Gao & Wallace (1991), and the Harvard CMT cat-
alogue (b). Focal spheres are lower hemisphere equal area projections, with compressional
quadrants shaded. Next to each sphere is the date of the event (year, month, day). In
(a) the centroid depth in km is noted near the epicenter. The focal mechanism of the
1990.06.20 event is denoted by the larger fault plane solution in 10b and its depth is noted

near the epicenter.
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Figure 15. Horizontal projection of the slip vectors for earthquakes whose focal mechanisins
are shown in Figure 14. Heavy solid arrows are slip vectors from events whose P- and SH-
waveforms we analyzed in this study (Fig. 14a) and from the 1990.06.20 earthquake (Gao
& Wallace, 1991). Light open arrows are slip vectors from first motion solutions of Jackson
& McKenzie (1984) or from Harvard CMT solutions (Fig. 14b). The sense of slip shown is
of the south or east side of the fault relative to the north or west side. We have shown the
slip vector implied by our minimum misfit solution for 1971.02.14 an! l.heled it 62° (7) to
indicate that we do not have a great deal of confidence in this solution. The inset in the
upper right-hand corner of the figure shows the orientation of the T axes of the normal

faulting events in the central Caspian Sea
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APPENDIX

In this appendix we show the observed seismograms for the events not discussed in
detail in the main text, and compare them with synthetic seismograms computed for the
minimum misfit inversion solution. For each one of these events we have conducted a series
of tests identical to those shown in Figure 10 to place bounds on the strike, dip, slip, and
centroid depth. Focal parameters for the minimum misfit solution from the inversion and
bounds on these parameters from the test are given in Table 3. The format of each figure
is the same as in Figure 8.

Figure Al. 1962 September 1 - The Buyin Zara earthquake (Ms 7.2, m, 6.9) devastated
the area south of Qazvin in northern Iran, killing around 12,200 people. Faulting was
discontinuous, but was observed in a zone striking 103° over a distance of about 80 km
(Ambraseys 1962; Ambraseys & Melville 1982). Displacements generally involved both
thrusting on planes dipping south and also left-lateral strike slip. Fault segments typically
had a strike of around 100°. Average amplitudes were about 1.4 m vertical displacement
and 0.6 m strike-slip.

Many of the seismograms of this earthquake were off-scale, and, because it occurred in
the early days of the WWSSN, not many seismograms were available anyway. Those we
were able to obtain are shown in Figure Ala. The coverage of the focal sphere is not very
good, with most stations in the NW and only two in the SE. The first motions are better
distributed (Fig. 7), and require a large reverse slip component. To obtain the minimum
misfit solution, shown in Figure Ala, we used only three SH waveforms: at BAG, PMG,
and STU. We gave the PMG SH waveform only half the weight it would normally have,
because of its distance (101°), at which the ScS phase might be expected to interfere. We
justified its retention because of its similarity to the SH waveform at BAG (distance 65°,
at which ScS does not interfere with S). We did not use the MDS SH waveform in the
inversion because of its distance (93°), and because we had no independent check on the
ScS contamination; it is shown because the polarity of its onset suggests an SH nodal plane
between its position and that of STU on the focal sphere. By comparing the amplitude
of the seismograms at BAG with those of other stations, we deduced that its gain was
erroneously given as 1500 on the WWSSN film chip, and that it should have been 3000:
the inversion was not sensitive to this change, which we have corrected.

The fit to observed waveforms in Figure Ala is reasonable, and demonstrates a long
time function of about 24 seconds. At a rupture velocity of 3 kms~?! this can account for
72 km of faulting, which is compatible with what was observed (Ambraseys & Melville
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1982). The moment of 3.68X10'® Nm (M 7.0) can account for 1.4 m of displacement on a
fault 72 km long, extending to a depth of 10 km with a dip of 52°. This amount, its sense
(which is predominantly reverse with a smaller left-lateral component), and its strike, are
also compatible with surface observations.

We were particularly interested in the slip vector of this earthquake, and so carried out
tests on the resolution of the rake, which controls the strike of the auxiliary (north-dipping)
plane, and hence slip vector. These tests are shown in Figure Alb.

The minimum misfit solution (rake = 70°) is shown in row 2. In rows 1,3 and 4 the
rake was fixed at some other value, and the other parameters were allowed to change in the
inversion. The rake cannot have a value below 60° without producing the wrong polarity
for SH at STU, thus limiting tlie maximum left-lateral component. The minimum left-
lateral component is less well resolved: the SH fit at STU improves if the rake exceeds 70°,
and a value of 100° produces a better fit than the minimum misfit solution (row 4): but it
requires a right-lateral component, which is incompatible with surface observations. The
minimum misfit slip vector is 42°, but we conclude it could have a value between 30° and
50° (corresponding to a rake of 70° — 10/ + 15°). Note that there is some trade-off between
strike and rake in this case. The dip, depth, and moment change little when the strike and
rake are perturbed. We estimate the mechanism of this event to be: strike 101° + 10°; dip
52° + 3°; rake 70° — 10°/ + 15°; depth 10 £+ 4 km.

Figure A2. 1969 January 3 - P-wave first motion polarities (Fig. 7) require high angle
reverse faulting, but cannot constrain the strike and rake well. Waveform inversion and
testing constrain the focal depth to 7 + 4 km. The SH waveforms at SHL, CHG, and NAI
constrain the strike to 132° + 15°, dip 50° £ 5°, and rake to 95° + 8°.

Figure A3. 1970 July 30 - P-wave first motion polarities for this event were studied by
Jackson and McKenzie (1984). They plotted first motions of this eve.nt with a mantle sou. °
velocity of V, 8.1 kms™! because they could not fit orthogonal nodal planes otherwise. We
suspect that some of the polarities at European stations, which they gave as dilatational,
are in fact, nodal. With these changes, the nodal planes for the minimum misfit solution
are consistent with the first motion polarities plotted with the focal velocity of 6.8 kms™1.

We estimate the centroid depth to be 11 + 4 km.

Figure A4. 1971 February 14 - P-wave first motions and P-wave waveform inversion require
this event to result from high-angle reverse faulting. First motion data suggest a nodal
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plane roughly as shown. P-waveforms constrain the centroid depth to 11 + 5 km but do
not greatly aid in constraining other focal parameters, particularly strike and slip vector
azimuth. No suitable SH waveforms were available for this event.

Figure A5. 1980 May 4 - First motion polarities require this event to have one almost
vertical nodal plane and this is confirmed by the waveform inversion. Inversion and testing
constrain the centroid depth to 15 + 5 km, the strike to 28° 1 10°, the dip to 7° + 10°, and
the rake to 297° £ 15°.

Figure A6. 1980 December 19 - First motion P-wave polarities require high angle reverse
faulting, but do not constrain the strike and rake well. Waveform inversion and testing
constrain the centroid depth to 14 + 8 km, the strike to 115° + 20°, the dip to 41° % 8°,
and the rake to 120° + 15°.

Figure A7. 1980 December 22 - First motion P-wave polarities require high angle reverse
faulting, but do not constrain the strike and rake well. Waveform inversion and testing
constrain the centroid depth to 15+ 5 km, the strike to 113° + 20°, the dip to 56° £+ 8°, and
the rake to 125° + 15°. The first motion at NAI is incompatible with the planes as shown
(Fig. 7) but lies very close to a nodal plane and within the acceptable error in its dip.

Figure A8. 1981 August 4 - First motion data constrain the steeply dipping plane (Fig. 7).
Two first motion polarities (JER, IST) are inconsistent with the minimum misfit solution
(strike 154° + 15°, dip 35° + 15°, rake 32° £+ 20°). Both are near a nodal plane and are
at regional distances, so that their precise position on the focal sphere is uncertain. For
comparison with our results, the Harvard CMT solution gives strike 159°, dip 26°, rake
40°, and centroid depth of 25 km for this event, which is within the uncertainty bounds,

identical to our solution.

Figure A9. 1983 July 22 - This event occurred one minute prior to the 1983 Coalinga
earthquake (My 5.75) in California, whose seismograms caused interference at some sta-
tions. We chose seismograms from stations where the Coalinga P- or SH- phases do not
arrive within the inversion window. P-wave first motion polarities (Fig. 7) require high
angle reverse faulting, but do not constrain the strike and rake well. Waveform inversion
constrains the strike to 120° + 20°, the dip to 35° + 8°, and the rake to 83° + 15°. The

nodal planes shown in Figure 7 are for the minimum misfit solution and violate the first
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motion data for JER and IST. Both of these stations are at regional distances and their

precise position on the focal sphere is uncertain.

Figure A10. 1984 February 22 - We could not read any reliable first motion polarities for
this event. Only a limited number of P-waveforms are available and all but one of these
are from the GDSN. The mechanism (strike 106° + 20°, dip 60° + 10°, rake 174° + 20°) is
primarily constrained by the SH-waveforms. The depth is 27 + 4km. The Harvard CMT
solution is: strike 109°; dip 83°; rake 175°, and centroid depth 40 km. Except for the

depth, this is indistinguishable from our waveform inversion solution.

Figure A11. 1985 October 29 - First motion polarities (Fig. 7) require this event to have
a relatively steep nodal plane dipping NW. The source orientation (strike 106° £+ 15°, dip
30° £+ 10°, rake 126° + 10°) is well constrained by the abundant P- and SH-waveforms. The
depth is 13 + 5km. The Harvard CMT solution for 1985.10.29 is strike 97°, dip 31°, rake
72°, and centroid depth 15 km. The strike and dip of the CMT solution is indistinguishable
from our waveform inversion solution; however, the rake is significantly different. We are

more confident in our waveform inversion results.

Figure A12. 1987 September 7 - First motion polarities constrain a WNW striking, steeply
dipping nodal plane. Waveform inversion and testing constrain the centroid depth to 30 +
8 km, the strike to 305°+10°, dip 10°+10°, and rake 103°+20°. The Harvard CMT solution
for 1987.09.07 is strike 312°, dip 14°, rake 106°, and centroid depth 29 km, indistinguishable

from our waveform inversion solution.

Figure A13. 1989 September 16 - First motion polarities imply normal faulting for this
event but poorly constrain the mechanism. Waveform inversion for a single source gives
a mechanism involving either faulting on a WNW striking, steeply-dipping plane, or on
a ENE striking, shallow-dipping plane. Because of the similarity of the waveforms of
this event and 1986.03.06 (Fig. 13), we also inverted waveforms of this event for a second,
delayed source. This cannot be as definitive as in the case of 1986.03.06 because the GDSN
instrument response tends to blur source details and because of the lack of WWSSN
stations which have a higher frequency response. The inversion with a second source
produced marginally better fit to the waveforms than the single source solution, and gave
a moment for the second source that was approximately 10% of the moment of the first
event. Our preferred single source solution from the waveform inversion is strike 80° + 15°,
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dip 26° £ 5°, rake 225° + 15° and depth 31 + 10km. For compariso ., the Harvard CMT
solution is strike 104°, dip 36°, rake 228°, and centroid depth 34 km. The strike and dip
of the CMT solution is slightly different from our waveform inversion solution, which we
have more confidence in.

Figure A14. 1989 17 September - Waveforms of this event are similar those of to the
1989.09.16 earthquake. First motion polarities imply normal faulting but poorly con-
strain the orientation. Waveform inversion for a single source yields a mechanism that
corresponds either to faulting on a WNW striking, steeply dipping plane, or on a ENE
striking, shallow dipping plane. Figure 13 compares P-waveforms of this event and the
1986.03.06 and 1989.09.16 earthquakes at common stations. Because of the scarcity of
WWSSN seismograms, we have only inverted this event assuming a single source. The
resulting orientation is strike 128° + 15°, dip 44° + 5°, and rake 295° + 15° and depth 35
4+ 10km. The Harvard CMT solution for 1989.09.17 is strike 142°, dip 58°, rake 287°,
and centroid depth 34 km. The dip of the CMT solution is different from our waveform
inversion solution, however, we are more confident in our result.
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1 September, 1962
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3 January, 1969
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30 July, 1970
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14 February, 1971
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4 May, 1980
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19 December, 1980
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4 August, 1981
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22 July, 1983
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22 February, 1984
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29 October, 1985
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7 September 1987
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16 September, 1989
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